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ABSTRACT OF DISSERTATION

OXIDATIVE DEPOLYMERIZATION OF LIGNIN TO LOW MOLECULAR WEIGHT
AROMATICS
To date, most lignocellulosic biorefinery strategies have focused on optimizing conversion
of cellulose to ethanol, leaving lignin as an underutilized biomass constituent. Lignin is
engineered by nature with the intent to protect plants from chemical and biological attack;
this leaves lignin with high structural irregularity and recalcitrance, rendering conversion
of the lignin macromolecule to valuable products particularly challenging. Nevertheless,
given that the economics of cellulosic ethanol production are strongly dependent on the
value that can be obtained for the lignin co-product, the successful valorization of lignin is
a crucial step in the transition towards a bio-based economy.
This thesis focuses on lignin depolymerization using oxidative methods, specifically, the
oxidation and cleavage of the β-O-4 linkage. Heterogeneous catalysis in this case is
more desirable than homogenous catalysis as the catalyst easily recovered, and it is better suited for industrial applications. Initially, layered double hydroxide (LDH) supported
gold nanoparticles were characterized and screened in the oxidation of various lignin model
compounds using molecular oxygen, leading to the discovery of an Au/Li-Al LDH heterogeneous catalyst active for oxidative cleavage of the β-O-4 linkage. The Au/Li-Al
LDH catalyst was then applied to oxidatively depolymerize Indulin AT kraft lignin and
γ-valerolactone (GVL) extracted lignin, high yields of monomers being observed when
the oxidized lignins underwent subsequent base-catalyzed hydrolysis. Thereafter, different
literature oxidative lignin depolymerization methods were tested on kraft lignin and GVL
lignin, and the results compared to the Au/Li-Al LDH catalyst (coupled with hydrolysis)
system to determine the most effective oxidative depolymerization method.
KEYWORDS: Lignin, biomass, heterogenous catalysis, oxidation
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Chapter 1 Introduction, Objective, and Aim

1.1

Brief Introduction to the Ligninocellulose Feedstock Biorefinery
Currently, the energy demand of the world is largely met by the use of fossil fuels, and

one of the greatest challenges for societies in the 21st century is to find a sustainable way
to supply energy for transportation, heat, industrial processes, etc. Moreover, the future energy supply must also simultaneously minimize green house gas emissions and should not
compete with food production.1, 2 Biomass is one of the few resources that has the potential
to meet these challenges and is defined as “a plant matter of recent (nongeologic) origin
or material derived therefrom”.3 The sustainable processing of biomass into a spectrum of
marketable products and energy is known as biorefinering.4
Three different types of biorefineries have been previously defined in literature:3, 5, 6
• Phase I: grain feedstock, primarily corn, with fixed processing capabilities, producing a single major product.
• Phase II: grain feedstock, primarily corn, with flexible processing capabilities,
producing various end products.
• Phase III: whole-crop, lignocellulose feedstock (LCF) biorefinery, which uses
multiple feedstocks and processes to produce a variety of products.
One important demand for a biorefinery is its ability to achieve a high economic efficiency that matches current petroleum refineries, i.e., the future industry of biofuels and
biobased products must produce multiple products, as a one-product plant will have high
risks for investors and poor performance in the event of market fluctuations. Lignocellulose
in this case is the most desired biorefinery feedstock, given that lignocellulosic biomass
production has a minimal impact on food security,7 and the United States Department of
Energy (DOE) and United States Department of Agriculture (USDA) have estimated that
more than 1.3 billion tons of dry lignocellulose is produced per year in the United States.8, 9
1

Lignocellulosic biomass consists of three basic chemical fractions:10
(i) Cellulose: a polymer made up of glucose, a six carbon sugar.
(ii) Hemicellulose: a polymer made up of two five-carbon sugars (D-xylose, Larabinose), and three six-carbon sugars (D-glucose, D-galactose, D-mannose).
(iii) Lignin: phenolic polymers
A typical LCF biorefinery process (Figure 1.1) uses fibrous lignocellulosic plant ma
terial, which is far less costly than other feedstocks (corn, soy) based on energy content.8
Initially, lignocellulosic biomass is broken down into its three fractions, and the sugar polymers (cellulose, hemicellulose) are converted to their corresponding sugar components.
Cellulose conversion to ethanol via its glucose intermediate is currently at a pilot scale,11
and the ethanol product can be mixed with gasoline to fuel motor vehicles. Hemicellulose
is typically depolymerized to form xylose, and can be converted to furfural, which can be
used as a starting material to produce nylon, plastics, motor oils, etc.8

Figure 1.1: Representation of LCF biorefinery process, adapted from Zhang.

8

Lignin, the third fraction of lignocellulosic biomass and the primary focus of the work
presented here, has limited usage to date and is primarily burned for energy. Given that
biorefineries will receive and process a substantial quantity of lignin, the question of how
to use it to advance the economic health of LCF biorefineries must be addressed. Lignin
is the only renewable source of aromatics and could significantly augment the viability of
LCF if it can be converted to high-value aromatic products (Figure 1.2).12–16 Based on an

2

economic analysis for different LCF biorefinery scenarios, it is apparent that full utilization
of lignin could help increase net margins up to 620%,8 the cellulosic ethanol production
cost being directly correlated to the value of lignin-derived products.8, 17, 18

Figure 1.2: A lignin utilization diagram. Green shadowed items represent products with higher
market value.

Copyright c Yang (Vanessa) Song, 2019.
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1.2

The Structure of Lignin
Lignin is the second most abundant natural polymer following cellulose, and it is

the only biomass constituent made up of aromatic units. Lignin is deposited in the cell
wall during cell differentiation (Figure 1.3), and it is essential to both the rigidity and the
structural integrity of the plant.19–22 Lignin is hydrophobic, and not only does this allow it
to act as a barrier against pathogens and insects, but it also transports water and nutrients
throughout the plant.23 The structure of lignin is complex and varies depending on the
source and isolation method,24 making chemical modification towards selective products

Figure 1.3: Schematic representation lignin and its location within lignocellulosic biomass

difficult. The prototypical lignin monomers (or monolignols) (Figure 1.4), normally,
syringyl alcohol (prominent in hardwood), coniferyl alcohol (prominent in softwood),
and p-coumaryl alcohol (prominent in grasses), are synthesized via the phenylpropanoid
pathway. Lignification, or the polymerization process of these alcohol units, ultimately
affords the so-called ”S”, ”G”, and ”H” units in lignin.
The phenylpropanoid pathway (Figure 1.4) begins with either phenylalanine (or
4

tyrosine in monocots).16, 25 Deamination of phenylalanine forms cinnamate via the enzyme
phenylalanine ammonia-lyase (PAL), which undergoes hydroxylation by cinnamate
4-hydroxylase (C4H) to form p-coumarate. If the starting material is tyrosine, the deamination to form p-coumarate is condensed to one step via tyrosine ammonia-lyase (TAL).
Enzymatic reactions diverge after p-coumarate to afford either p-coumaroyl-coenzyme
A(CoA) via the 4-coumarate-CoA ligase (4CL), or caffeic acid via a second hydroxylation
by p-coumarate-3-hydroxylase (C3H) or C4H.
p-Coumaroyl-CoA can then be converted to p-coumaroyl-shikimic/quinic acid by
hydroxycinnamoyltransferase (HCT), and these two acids can be converted to their
respective caffeoyl constituents via C3H, which can reproduce caffeic acid via caffeoyl
shikimate esterase (CSE). On the other hand, the reduction of p-Coumaroyl-CoA by
cinnamoyl-CoA reductase (CCR) could produce p-coumaraldehyde. Further reduction of
p-coumaraldehyde induced by cinnamyl alcohol dehydrogenase (CAD) can then afford
p-coumaryl alcohol. p-Coumaryl alcohol is the starting material to ultimately form H units
within the lignin macromolecule, however, these units are found in rather low abundances
in natural lignins.16, 26

5

Figure 1.4: Summary of the formation of monolignols and representation of phenylpropanoid pathway. Adapted from Rinaldi et al.16

Ferulic acid can be generated via multiple pathways: (1) direct methylation of caffeic
acid by caffeic acid-O-methyltransferase (COMT); (2) Caffeoyl-CoA is formed first either
from caffeic acid by 4CL, or from caffeoyl shikmic/quinic acid via HCT, and is then methylated via caffeoyl-CoA-O-methyltransferase (CCoAOMT) to give feruloyl-CoA, which
can yield ferulic acid; (3) Coniferylaldehyde, which is generated from the reduction of
feruloyl-CoA by CCR, can be recycled via oxidation and introduced back into the phenylpropanoid pathway by hydroxycinnamaldehyde dehydrogenase (HCALDH).
Reduction of the previously described coniferylaldehyde by CAD gives coniferyl alcohol, the monolignol of the predominant occurring G-derived units. However, when
f erulate 5-hydroxylase (F5H) is introduced, the synthesis pathway to form G-derived units
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can start to divert towards forming S-derived units, as hydroxylation by F5H gives 5hydroxyconiferaldehyde, and subsequent methylation by COMT yields sinapaldehyde. Reduction by CAD can give sinapyl alcohol, which is the identical step compared to coniferyl
alcohol, however, conferyl alcohol can be the starting material itself to give sinapyl alcohol
via hydroxylation by F5H followed by COMT methylation.
The structure of native lignin is a result of oxidative coupling among the aforementioned monolignols with a growing polymer end unit,27 and most lignin linkages are formed
via oligomer-oligomer or oligomer-monomer coupling; seldom does monomer-monomer
coupling occur.23, 26 The most common linkage generated during lignification is the alkyl
aryl ether unit (i.e., the β-O-4 linkage), which can account for up to 60% of bonds formed
during the process, and it also exhibits the lowest bond dissociation energy, making it the
target for most lignin degredation studies.16, 28 Other linkages include β-1, β-β, β-5, 4-O5, etc. (Figure 1.4), which are difficult to degrade due to the significant intermolecular C-C
and radical coupling reactions that can occur.

1.3

Lignin to Chemicals: the Biorefinery and Product Values
The main path towards integration of lignocellulosic biomass into the biorefinery sys-

tem relies on fractionation, which typically reduces the complexity of the biomass source.1
One important aspect of this is that the process used for recovery of lignin within any specific biorefinery will most likely be chosen with the aim of optimizing the carbohydrate
stream and product slate.24, 29 Most conventional fractionation methods aim to recover
lignin as a solid product, and a number of isolated lignins are available today, each with
their unique chemical structure and characteristics such as molecular weight distribution,
solubility, reactivity, concentration of hydroxyl, carboxyl, and phenolic groups, degree of
cross-linking, etc.24, 30–32
Industrial or commercial lignins are typically denoted as technical lignins such as kraft
lignin, soda lignin, lignosulfonates, organosolv lignin.30 Of the technical lignins men7

tioned, lignsosulfonates produced from spent sulfite pulping liquors compose the majority
of lignin currently in commercial use.24, 33 Lignosulfonates can be a cost-effective admixture that can provide plasticity to otherwise brittle and fragile commodies, thus the utilization of lignosulfonates has been generally limited to macromolecular applications focusing
on attributes such as surface activity and solid contents, and such usage includes (but is not
limited to) concrete admixtures, animal feed pellets, road binders, dust control, pesticide
dispersant, dye dispersant, fertilizers, and humus products. For more information, interested readers are refereed to more specialized literature.31–36 While the previously mentioned applications of technical lignin appear diverse, the possibilities for lignin utilization
can reach much further beyond macromolecular usage. As mentioned before, lignin is the
only renewable source of aromatics, and diminishing petroleum resources coupled with
increasing demand and pricing of aromatic compounds (e.g., benzene, toluene, xylene,
phenols, vanillin, syringaldehyde) suggest that a more attractive goal for lignin utilization
is its conversion to low-molecular weight aromatics.
The structure of lignin can be broken down into building blocks, and a reductive path
can lead to the production of chemicals such as benzene, toluene, and xylene (BTX). BTX
has many applications, and represents ∼60% of all aromatics on the market with a price
range for benzene of 800-1,200 USD/MT, for toluene 700-1,200 USD/MT, and for xylene
of 800-1,500 USD/MT.37–39 While reductive fractionation of lignin can give other major
products such as phenol, cyclohexane, xylene etc., the highest product value does not exceed 2,500 USD/MT. On the other hand, products of more significant value from lignin can
be obtained via oxidation, which can yield aromatic compounds such as vanillin, vanillic
acid, syringic acid, syringaldehyde, and others.1, 24, 37 Vanillin is the world’s most used flavoring agent,40 and is also a well-known product of lignin deconstruction, although only
20% of vanillin in the market is produced from lignin while the remaining 80% is produced from crude oil.37 However, according to Smolarski,39 vanillin from lignin and crude
oil have similar prices of 12,000 USD/MT, which is approximately 10 times higher than
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the BTX market value; vanillic acid and syringic acid are even more valuable, with prices
ranging between 20,000-100,000 USD/MT if obtained from lignin.37
Lignin’s ability to act as a renewable source of aromatics reaches beyond the examples
given, additional products such as carbon fiber, activated carbons, resins, and hydrogels
representing other possibilities for lignin applications.? The development of an economically viable lignin valorization route would necessitate much more research to optimize the
technology. However, the ability of lignin to be a source of aromatic compounds suggests
that it has great potential to become an essential feedstock in the future chemical industry,
with lignin oxidation affording products with the highest values.39

9

1.4

Aim of Thesis
The main objective of the work described in this thesis is to develop an effective hetero-

geneous catalyst for oxidative lignin depolymerization to low molecular weight aromatics.
The previous sections in this chapter established the role of lignin within the biorefinery,
and they also revealed that oxidative depolymerization of lignin provides products with the
greatest market value. For the purpose of industrial application, an effective heterogeneous
catalyst is more desirable than a homogenous analog as the recovery and re-usability of
the catalyst is simpler than for homogeneous catalysts. With this intention, this thesis is
arranged around five main objectives.
First, a comprehensive overview of two lignin catalytic valorization pathways is provided, i.e., reductive depolymerizaiton and oxidative depolymerization (Chapter 2), which
identifies the advantages and disadvantages of current literature methods for lignin upgrading to low-molecular weight aromatics. Secondly, heterogeneous catalysts utilizing layered
double hydroxide (LDH) supported gold nanoparticles are tested to investigate the most
effective catalyst for oxidation and cleavage of the β-O-4 lignin linkage under mild conditions (Chapter 3). The most effective catalyst, Au/Li-Al LDH, was applied to oxidize simple benzylic alcohols (lignin monomers) and β-O-4 lignin linkage model dimers. Thirdly,
Au/Li-Al LDH was applied to Indulin AT kraft lignin and γ-valerolactone extracted lignin
(Chapter 4), with the aim to investigate its ability to depolymerize the lignins by analyzing
the wt.% yield of aromatic monomers produced from each lignin after oxidative depolymerization. Fourthly, a comparison of literature secondary lignin depolymerization methods is
reported (Chapter 5). In this case, two different types of lignin (Indulin AT kraft lignin
and γ-valerolactone extracted lignin) were first oxidized at the benzylic alcohol position,
and each lignin was then subjected to five literature reported depolymerization methods. In
addition, the Au/Li-Al LDH catalyst, as well as the Li-Al LDH support, were also tested
for their activity in secondary depolymerization. The wt.% monomer yields from each sec-
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ondary depolymerization method are evaluated, and the results are also compared against
those obtained from the two lignins depolymerized using Au/Li-Al LDH without prior benzylic alcohol oxidation. Finally, a general conclusion is presented in Chapter 6, along with
a discussion of the possibilities for modifiying the Au/Li-Al LDH catalyst.

Copyright c Yang (Vanessa) Song, 2019.
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Chapter 2 Catalytic Valorization of Lignin Methods: Reductive vs. Oxidative

2.1

Introduction
Increased concerns surrounding the magnitude of fossil fuel reserves, together with

the negative environmental impact of fossil fuel use, has forced society to search for renewable fuel alternatives.41 Among the options of renewable energy resources, lignocellulosic biomass is particularly attractive due to its high energy content, as well as the
fact that it does not compete with the global food source.42 In parallel to cellulose conversion, which selectively produces glucose and cellobiose for fuels and chemicals with
good selectivity,43, 44 lignin valorization has long been of interest, however, the inherent
structural recalcitrance and heterogeneity of lignin represent technical barriers that have
not been overcome to date. As such, the fate of lignin as a usable substrate has been a
low priority during most biomass pretreatment strategies, and most lignin recovery processes used within any specific biorefinery have been selected to optimize the carbohydrate
stream.24, 44–47 Nonetheless, lignin valorization remains critical for the global fuel economy
as it is directly correlated to the cost of cellulosic ethanol production,17, 24, 48, 49 and thus a
challenge lies in the development of new techniques for rational deconstruction of lignins,
with the goal of minimizing lignin product mixtures that form reactive intermediates that
condense to form refractory bonds.

30, 50, 51

A variety of isolated lignins (technical lignins)

are available (kraft lignin, soda lignin, organosolv lignin, etc.), however during biomass
fractionation, lignin is prone to structural degradation which typically results in ether bond
depletion. This results in a concurrent increase in the relative concentration of recalcitrant
carbon-carbon bonds as compared to native lignin, lowering the potential for lignin depolymerization.1 In this context, early-stage catalytic conversion of lignin or “lignin-first”
approaches, which combine lignin isolation and depolymerization in one step, have shown
success by using lignocellulose instead of isolated lignins as the starting material in order
12

to avoid formation of complex lignin mixtures.1, 42–44, 52–55
This chapter focuses on two extensively studied catalytic lignin valorization pathways:
reductive and oxidative. Biomass fractionation under reductive conditions dates back to
1930s, beginning with work by Hibbert and co-workers with the goal of elucidating the
structure of lignin.56–60 However, considerable advancements took place in the twenty-first
century with major improvements in reaction conditions, catalyst design, greener solvents,
and alternatives to hydrogen gas to allow for improved sustainability.61 The reductive lignin
valorization section of the chapter is organized in two main parts: the first being a discussion of ”late stage reductive lignin depolymerization” (or depolymerization of isolated
lignins), with the discussion being separated by hydrogen source. Subsequently, reductive
lignin f ractionation (RCF), one method under the umbrella term “lignin first” or “early
stage catalytic conversion of lignin (ECCL)”, is defined and discussed in detail by evaluating the effect of reaction conditions, lignocellulose source, and applied catalyst(s).
On the other end of the spectrum is oxidative lignin depolymerization, which was originally performed in the form of bleaching with the aim to produce high-quality paper products. The bleaching process removes risidual lignin, thus increasing the brightness of the
pulp.62 Oxidative lignin conversion requires the presence of an oxidizing agent. As mentioned in the previous chapter, lignin derived oxygen-rich aromatics are not only of high
market value themselves, they can also greatly enhance the value of their cellulosic substituent, thus drawing the attention of many researchers to find viable oxidative lignin valorization methods.24
Commonly used oxidizing agents in literature reports are diradical oxygen (or O2 ),
and hydrogen peroxide. Oxidative lignin depolymerization methods generally target the
biopolymer at three locations: (i) modification or cleavage of the side-chains (ii) interunit
linakge cleavage, or (iii) cleavage of the aromatic rings. Since lignin upgrading to phenolic
compounds is the most sensible approach and the focus of this thesis, the latter part of this
chapter will focus only on recent advances in areas concerning (i) and (ii) as the aromatic-
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ity of products are preserved. Readers interested in method (iii) are directed to specialized
literature on this topic for more information.63–68
2.2

Reductive Lignin Depolymerization

2.2.1

Late-stage Reductive Lignin Depolymerization

Late-stage catalytic conversion of lignin has been defined as “research into catalytic
conversion of (technical) lignins beginning with degraded polymers obtained from wood
pulping processes or, more recently, the waste stream from cellulosic bioethanol plants”.43
Similar to oxidative lignin depolymerization, reductive depolymerization methods applied
to isolated lignins also primarily target the alkyl aryl ether bonds (β-O-4 and α-O-4) as
well as side-chain groups. To this end, redox catalysts in combination with a hydrogen
source are typically utilized. The net result in all cases involves (i) hydrogenolysis of
the ether bond (ii) removal of Cα -OH and (iii) possible removal of Cγ -OH.1 Substituted
methoxyphenols and small oligomeric fragments are typical products of these primary reactions, however, cyclohexanol, cycloalkanes, and even some light paraffins and olefins are
possible products if secondary hydrogeneration occurs (Figure 2.1). When lignin is hydro-

Figure 2.1: Reductive lignin linkage cleavage and select products

cracked in the presence of hydrogen, the source can either be in the form of gas or can
be derived from a H-donating species. When hydrogen gas is used, the term “hydroprocessing” is used, and the method can be further divided into three categories: (i) mild, (ii)
harsh, and (iii) bifunctional. Furthermore, the term “liquid phase reforming” is applied
14

when hydrogen is derived from the solvent or from the lignin itself. Other reagents such as
sodium, zinc, and hydrosilanes have also been reported to act as reducing agents for lignin
depolymerization. During the process of reductive depolymerization of lignin, the polymer
is also deoxygenated to various degrees via hydrodeoxygenation (HDO).1
2.2.1.1

Mild Hydroprocessing

Mild hydroprocessing is typically performed at temperatures of 6 300 ◦ C in the liquid phase using water, organic solvent, or solvent mixtures over a noble or base metal
catalyst. The mild conditions, in contrast to harsh hydroprocessing (vide infra), preserve
the methoxy groups and generate various p-substituted methoxyphenols.51, 54, 69–79 Fast pyrolysis gives a similar monomer yield compared to mild hydroprocessing, however, Faix
et. al.81 demonstrated that the product mixture is much less complex for mild hydroprocessing. Undoubtedly, the monomer product yields and selectivity is affected by catalyst, reaction conditions, and solvent, and generally speaking the total monomer yield for
mild hydroprocessing does not exceed 20 wt.%, although occasionally higher monomer
yields have been reported when a co-catalyst such as a Lewis acid or Lewis base was employed.74–76 The structure of the isolated lignin has the most pronounced influence on both
the monomer structure and yield. Bouxin and co-workers82 performed mild hydroprocessing on lignins isolated using various methods (ethanol organosolv, ammonia f iber
explosion/expansion [AFEX]-ethanosolv, soda lignin, and ammonia recycled percolation
[ARP]) using Pt/A2 O3 as catalyst and water/methanol (v/v=1:1) as solvent, and they observed that the least condensed lignin (or possessing the highest β-O-4 content), which in
this case was poplar ARP lignin, resulted in the highest monomer yield (14 wt.%). However, when the same group performed a follow-up study applying the same Pt/A2 O3 catalyst and reaction conditions to seven different types of isolated lignins obtained from four
biomass species,69 they discovered that a correlation between monomer yield and β-O-4
content was still observed, although the results were not conclusive. Other factors be-
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sides the β-O-4 content must play a role since lignins with an overall lower β-O-4 content
(miscanthus ionosolv lignin and oak dioxane organsolv lignin) generated higher monomer
yields (32 wt.% and 55 wt.% resp.) compared to ARP lignin, which gave the highest
monomer yield in their previous study (14 wt.%).
Van den Bosch et. al., as well as Torr and co-workers investigated the impact of the
lignin isolation procedure on the monomer yield.54, 83 Van den Bosch et. al. compared
native birch lignin in birch wood sawdust and technical ethanol organosolv lignin (EOL)
over Ru/C catalyst in methanol at 250 ◦ C. Drastic differences in monomer yields were
observed as only 3 wt.% were recovered from EOL while native birch lignin yielded 50
wt.% monomers. On the other hand, Torr and co-workers observed comparable yields applying native pine lignin in sawdust form and enzymatic mild acidolysis lignin (EMAL)
from pine wood over Pd/C in dioxane/water (v/v=1:1) at 195 ◦ C, suggesting mild isolation
procedures do not increase reactivity of lignin. While EMAL gives lignin with structures
and molecular weight very close to those of native lignin,74, 84 the isolation method is industrially impractical.1 Shuai et. al. recently developed a f ormaldehyde (FA) protected
lignin extraction that preserves most of the β-O-4 linkages, thus preserving the reactivity
of lignin (Figure 2.2).85 Using beech, high-syringyl transgenic [F5H] poplar, and spruce,

Figure 2.2: Structure of FA-stabilized β-O-4 unit

Shuai et. al. performed hydrogenolysis on FA protected/unprotected dioxane organosolv
lignin (THF as solvent, 250 ◦ C), and native lignin in whole biomass (MeOH as solvent, 250
◦

C) using Ru/C as catalyst. The total monomer yield obtained from FA protected isolated
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beech wood lignin is similar to that obtained from the native lignin (47.19 wt.% and 48.26
wt.%, respectively, based on Klason lignin), however when unprotected isolated lignin was
used in the subsequent mild hydrogenolysis, the yield of monomer decreased to 7.10 wt.%.
Similar trends were observed for F5H-poplar and spruce.

Copyright c Yang (Vanessa) Song, 2019.
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Figure 2.3: List of monomer structures from reductive depolymerization of isolated lignin

Table 2.1: Results of literature methods utilizing mild hydroprocessing for reductive lignin depolymerization.a
Catalyst

Pd/C

Solvent

EtOH/water
(v/v= 9:1)

Temp (°C)

390

H2 (bar)b

100
(280 @ rxn temp)

Time

15 min

Lignin

Monomer
Yield

Monomer
Structuresc

Beech milled wood lignin (MWL)

15.47 wt.%

H/G/S: 1-3,8,12

Spruce MWL

11.15 wt.%

G: 1-3,8

Bamboo MWL

16.36 wt.%

Teak MWL

12.63 wt.%

Birch MWL

21.2 wt.%

Oak MWL

16.7 wt.%

Spruce MWL

19.9 wt.%

Pine MWL

17.7 wt.%

Cu2Cr2O5

1,4-Dioxane

240-260

100

48 h

Cu2Cr2O5

1,4-Dioxane

225

135

47 h

250

69

1h

Sweetgum HCl hydrolysis extracted lignin

195

35

24 h

CoMoOx +
NaOH
Pd/C

1,4-Dioxane/
3 wt.% aq. NaOH
(v/v=1:1)
1,4-dioxane/water
(v/v=1:1)

19

[78]

H/G/S: 2,3,8,12

[79]

9.3 wt.%

G/S/Ct: 1-3

[1]

Enzyme mild acidolysis extracted pine
lignin

21 wt.%

G: 8,12

[82]

3 wt.%

G/S: 1-3,8,12

[54]

2 wt.%

H/G/Ct: 1

[1]

H/G: 3

[72]

Ct: 7,9,10

[77]

MeOH

250

30

3h

Birch EOL

â

Water

400

10

1h

Spruce enzymatic hydrolysis lignin

275
Ru/C

EtOH/water
(v/v = 65:35)

250

4.5 wt.%
20

Corn stalk enzymatic hydrolysis/EOL

1.5 h

Pt/Al2O3

MeOH

MeOH/water
(v/v=1:1)

180
140

300

40

20

14 h
20 h

2h

Bamboo lignin

1.3 wt.%

Candlenut tree methanol organosolv
lignin

54.8 wt.%

Pt/Al2O3

Poplar EOL

7 wt.%
14 wt.%

Wheat straw AFEX-EOL

10 wt.%

MeOH/water
(v/v=1:1)

6 wt.%

G/S: 1-3,8,9,12,16

[81]

G/S: 1-3,8

11 wt.%
20
300

Poplar ARP lignin

2h
20
(160 @ rxn temp)

MeOH
Pt/Al2O3

63.7 wt.%

Poplar ARP lignin
Wheat straw soda lignin

Water
MeOH/water
(v/v=1:1)

3.5 wt.%
1.5-1.6 wt.%

Pt (or Pd)/C
Cu-PMO

[80]

H/G/S: 1-3,8,12
H/G/S: 2,3,8,12

Ru/C
Raney Ni

Ref.

300

20

17 wt.%

G/S: 1-3,8,9,12,16

[70]

G/S: 1-3,8,9,12,16

[69]

44 wt.%
2h

8

Oak EOL

55 wt.%

Miscanthus ionosolv lignin

32 wt.%

Table 2.1 continued
Catalyst

Solvent

Temp (°C)

H2 (bar)

Time

Lignin

Monomer
Yield

Monomer
Structures

Ref.

Ni7Au3 NPs

water

170

10

1h

Birch dioxane organosolv lignin

14 wt.%

G/S: 12 + others

[1]

Ni7Au3 NPs
Ni7Au3 NPs
+ NaOH

Water

160

10

4

Birch organosolv lignin

G/S: 8,12

[76]

350

40 min

Protobindä 1000
Poplar organosolv lignin

H/G: 3; S: 1,2,8

t-Butanol

30
(150 @
rxn temp

4.2 wt.%

Pt/C

4.9 wt.%

G: 3; S: 1,2,8

Wheat straw hydrothermal lignin

1.11 wt.%

H/G: 3; S:1,8

40

5h

Softwood kraft lignin

7 wt.%
29 wt.%
35 wt.%

Phenols/Guaiacols

[1]

Phenols/Guaiacols

[75]

Phenols/Guaiacols

[74]

H/G/S:
alkyls, oxygenates

[96]

8 wt.%

Pd/C
Pd/C+CrCl3

MeOH

260
260
280

11 wt.%

20

Ru/C

6.1 wt.%

Ru/C + NaOH
Ru (or Pd)/C +
NaOH, KOH, or
Na2CO3

12.7 wt.%

MeOH

260

40

4h

Pd/C+ CrCl3

MeOH

280

40

5h

Ni/ZrO, ZrO2, or
TiO2

n-Dodecane

Ni/SiO2-Al2O3

Pt/Al2O3

Dioxane, benzene,
toluene
Benzene
Naphthalene,
EtOH, THF
EtOH/water
(w/w=1:1)

250

Softwood kraft lignin

16 wt.%

lignosulfonate
Pennisetum EOL

8 wt.%
19 wt.%

40

160 min

Corncob enzymatic hydrolysis lignin

9-12 wt.%
12 wt.%
5-6 wt.%

200

THF

30

Indulin AT kraft lignin (pine)

6.2 wt.%

G: 1-3,7,8

[1]

Beech dioxane organosolv lignin

7.10 wt.%

FA-protected beech dioxane organosolv lignin

45.06 wt.%

F5H-poplar dioxane organosolv lignin
FA-protected F5H-poplar dioxane organosolv
lignin
FA-protected spruce dioxane organosolv lignin

24.22 wt.%

G/S: 3,8,12
G/S:3,8,12
G: 18-20; S: 17-19
G/S: 3,8,12
G/S:3,8,12
G: 18-20; S: 17-19
G: 3,8,18,19

[85]

4h
6h

40
250

a

8.4-12.7
wt.%

5-11 wt.%

200
Ru/C

Pine EOL

[1]

15 h

77.66 wt.%
20.56 wt.%

Reproduced from ref. 15 with permission from The Royal Society of Chemistry. b Pressure at room temperature unless otherwise noted. c Codes are referenced to Figure 2.3, unless otherwise noted.
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2.2.1.2

Harsh Hydroprocessing

Compared to mild hydroprocessing, harsh hydroprocessing of lignin typically occurs
at temperatures of > 320 ◦ C and at hydrogen pressures of > 35 bar.1 Most of the reactions
occur between the solid catalyst and the lignin, and many are performed in a solventfree environment.86–95 Examples of the catalyst used and reaction environment are summarized in Table 2.2, many studies employing conventional hydrotreating catalysts such
as cobalt/molybdenum oxides (CoMoOx ), or nickel/molybdenum oxides (NiMoOx ) supported on alumina that have been pre-sulfided using reagents such as dimethyl disulfide
(DMDS),88 carbon disulfide,91 or (di)methylsulfide.94 On the other hand, noble metal and
other base metal catalysts have also been tested.87, 88 Monomer yields above 20 wt.% have
been regularly achieved, however a broad product distribution with low selectivity towards
individual products is typically observed. At such high reaction temperatures, the methoxy
groups typically do not survive the harsh hydroprocessing conditions, generating phenols,
methylated phenols, and phenols with alkyl chains, and deoxygenated aromatics as major
products.1 The highest monomer yield reported using a conventional hydrotreating catalyst
was achieved by Kumar et. al. using DMDS-sulfided NiMo/MgO-La2 O3 for Indulin AT
kraft lignin conversion, obtaining 26.4 wt.% monomer yield.88 For noble metal catalysts
in solvent-free conditions, Kloekhorst and Heeres obtained ≈ 22 wt.% monomer yield employing Pd/C, Ru/C, or Ru/TiO2 .90 However, the highest yield for harsh hydroprocessing
conditions reported was achieved using DMDS-sulfided NiW/C by Narani et. al., which
gave 35 wt.% monomer yield.89
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Table 2.2: Results of literature methods utilizing harsh hydroprocessing for reductive lignin depolymerization.a
Catalystb

Solvent

Temp
(°C)

H2 (bar)c

Time

Lignin

Monomer
Yieldd

Monomer
Structures

Ref.

NiMoOX/SiO2-Al2O3

None

420

100
(210 @ rxn temp)

1h

Spruce organocell lignin

16.3 wt.%

H: 1-3

[92]

None

400

140

6h

Spruce organocell lignin

12.3 wt.%

H: 1-3,8,16

[93]

395

90

40 min

430
395
395
400

90
100
100
100

1h
30 min
35 min
30 min

H: 1-3,8,16

[91]

69

1h

H: 1,2

[94]

NiMoOX/SiO2-Al2O3
+
Cr2O3/Al2O3
NiMoOX/SiO2-Al2O3
+
Cr2O3/Al2O3
S-NiMoOX/SiO2-Al2O3
+
Cr2O3/Al2O3
S-CoMoOx/Al2O3
batch reactor
S-CoMoOx/Al2O3
continuous flow reactor

None

404
1-Methylnaphthalene
428

Indulin AT kraft lignin
(pine)
Spruce organocell lignin
Birch kraft lignin
Aspen methanol
organosolv lignin

Ru/C, Ru/TiO2, Pd/C, Pd/Al2O3

22

Cu/ZrO2

8.3 wt.%
10.8 wt.%
10.4 wt.%
10.5 wt.%
5.9 wt.%
2.2 wt.%
10 wt.%
19.1-22.8 wt.%

None

400

100

4h

Ò

Alcell lignin

11.8 wt.%

Ru/C

21.4 wt.%

S-NiMo (or CoMo)/MgO-La2O3

26.4 wt.%
(18.1 wt.%)

S-NiMo (or CoMo)/Al2O3
None

350

100

4h

S-NiMo (or CoMo)/C

Indulin AT kraft lignin
(pine)

14.8 wt.%
(10.8 wt.%)
20.4 wt.%
(21.5 wt.%)

S-NiMo (or CoMo)/ZSM-5

15.5 wt.%
(18.2 wt.%)

S-NiMo (or CoMo)/C

14.5 wt.%
(9 wt.%)

S-WOx(or Ni)/C

MeOH

320

35

8h

S-NiW/C
(or ZSM-5, MgO-La2O3, MgOCeO2, MgO-ZrO2)
a

Reproduced from ref. 15 with permission from The Royal Society of Chemistry.
“S-” indicates catalyst(s) have been pre-sulfided.
Pressure at room temperature unless otherwise noted
d
Yields represented in parentheses correspond respective to catalysts in parentheses.
b
c

11

Indulin AT kraft lignin
(pine)

20.5 wt.%
(19 wt.%)
28.5 wt.%
(18 wt.%, 26.5 wt.%,
22.5 wt.%,16.5 wt.%)

Aromatics,
alkylphenols,
catechols,
cyclic and
noncyclic
alkanes,
alcohols, and
ketones

Alkylphenols,
aromatics,
cyclic and
noncyclic alkanes

[95]

[90]

[88]

Alkylphenols,
alkylguaiacols
[89]
Alkylphenols

2.2.1.3

Bifunctional Hydroprocessing

The term “bifunctional” in this method refers to the bifunctional property of the catalyst
system, where the catalyst exhibits both acid and metal active sites. Lignin in this case is
converted into cycloalkanes by simultaneous hydrolysis (if water present) and dehydration
that is catalyzed by the acid sites, while hydrogenation/hydrogenolysis is enabled by the
metal sites.66, 96–102 Some phenolic products obtained from lignin depolymerization via this
method also typically undergo subsequent HDO, which can generate a variety of substituted cyclic and noncyclic alkanes (Table 2.3).1 High selectivity towards cycloalkanes was
observed by Kasakov et. al. using supported Ni catalysts,99 as well as by Luterbacher et.
al. using carbon supported noble metal catalysts in conjuction with H3 PO4 .98 For conversion of beech organosolv lignin, Kasakov et. al.99 found that Ni supported on H-zeolites
(HBEA [Si/Al=75] and HZSM-5 [Si/Al=45]) yielded completely deoxygenated monocyclic and bicyclic alkanes compared to Ni/SiO2 , which also yielded cyclohexanols. The
selectivity towards deoxygenated cyclic alkanes achieved by the use of zeolite supports can
be attributed to the presence of strong Brønsted acid sites (which are lacking in silica).99, 103
Higher selectivity towards bicyclic alkanes was also observed for Ni/HBEA compared to
Ni/HZSM-5, due to the smaller pores of HZSM-5, which can hinder alkylation and condensation of OH substituted aromatic monomers and olefins during the hydrogenation/HDO
process.104 In another study by the same group using enzymatic hydrolysis extracted corncob, Lercher, Zhao and co-workers found that using Ni supported on amorphous-silicaalumina (Ni/ASA), which has a lower concentration of Brønsted acid sites compared to
Ni/HZSM-5, led to a high conversion towards monocyclic and noncyclic alkanes.96 Furthermore, when the acidity of the catalyst is decreased by employing less acidic oxides
as support (ZnO, ZrO2 , TiO2 , SiO2 , Al2 O3 ) the selectivity shifts towards phenols. Based
on the foregoing, as well as additional studies performed by Yang and co-workers using
acidic Y zeolite (HY) supported Ru or bimetallic RuM (M=Fe, Ni, Cu, or Zn),66, 100, 102 and
Rinaldi and co-worker using Al-SBA-15 supported Ni,98 it is evident that the conversion of
23

isolated lignin towards cycloalkanes is highly dependent on the concentration of acid sites
on the catalyst.
Unlike the previously discussed bifunctional hydroprocessing methods, Luterbacher et.
al. introduced a two-step conversion of γ-valerolactone (GVL) extracted corn stover lignin
over carbon supported Ru (or Pd, Pt, Rh) and H3 PO4 .98 The first step involves treatment of
the extracted lignin in THF/water mixture at 150 ◦ C under H2 , THF then being removed via
evaporation followed by addition of heptane to form a biphasic mixture, which was treated
at 250 ◦ C under H2 over the supported noble metal catalyst. Higher selectivity towards
cyclohexane propanoic acid (as well as the methyl ester) was observed overall, with the
highest carbon yield (48 C%) achieved when Ru/C was used and methanol was introduced
during the second step. Lignin isolated using the GVL extraction method can account for
up to 75 wt.% of the native lignin (determined by Klason lignin content), but the most attractive feature of this method aside from the monomer yield, is the fact that this process
also maximized the carbohydrate yield from biomass that can be further fermented and
upgraded.105 As mentioned in the introduction, the current strategy for lignin valorization
is highly dependent on optimization of the cellulosic component, making this method an
integrated upgrade of all three biomass components that can be industrially applicable and
profitable.
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Table 2.3: Results of literature methods utilizing bifunctional hydroprocessing for reductive lignin depolymerization.a
Catalyst

Solvent

Temp
(°C)

H2 (bar)b

Time

Ni/SiO2

Lignin
Beech organosolv
lignin

250
Ni/HZSM-5
n-Hexadecane
Ni/HBEA

20

250
Ni/ASA

n-Dodecane

Beech organosolv
lignin

300

40
160 min

60

Enzyme hydrolysis
extracted corncob
lignin

HY zeolite
Ru/Al2O3
Water

250

40

4h

Ru/Al2O3-HY zeolite

27 wt.%
34 wt.%
42 wt.%

6h

320

Monomer
Yieldc

Alkaline extracted
corn stover lignin

70 wt.%
18%
46%

25

22 wt.%

Cylic and non cylic
alkanes, oxygenated
compounds

[97]

Cylic and non cylic
alkanes, oxygenated
compounds

[101]

Mono- and bi-cyclic
alkanes

[102]

Monocylic alkanes,
cyclohexane
propanoic acid, and
cyclohexane
propanoic acid methyl
ester

[98]

4h

Dilute acid
pretreatement pine
lignin

26 wt.%

40

Ni/Al-SBA-15

Methylcyclohexane

300

70

8h

Poplar EOL

45 wt.%

Ru/C+H3PO4

1)150
2)250

35
4h

1) THF/water/ H3PO4
2) Heptane/water/H3PO4/MeOH

GVL extracted corn
stover lignin

32 wt.%

23 C%
(23 C%, 17 C%)
38 C%
10 C%
17 C%
48 C%

a

Reproduced from ref. 15 with permission from The Royal Society of Chemistry.
Pressure at room temperature unless otherwise noted
c
Yields represented in parentheses correspond to respective catalysts in parentheses
b

14

[96]

[100]

250

1) 4 h
2) 4 h

[99]

Cylic and non cylic
alkanes, aromatics

Water

1) THF/water/ H3PO4
2) Heptane/water/H3PO4

-OH substituted and
unsubstituted
monocyclic alkanes
Mono- and bi-cyclic
alkanes
Mono- and bi-cyclic
alkanes,
hydrocarbons,
methane, and ethane
Mono- and bi-cyclic
alkanes, phenols,
alcohols, and ketones

Ref.

10 wt.%
14 wt.%
22 wt.%

Ru/HY zeolite
Ru-Ni/HY zeolite
Ru/Al2O3-HY zeolite

Pd, or (Pt, Rh)/C +H3PO4

Monomer Structures

2.2.1.4

Liquid Phase Reforming

Lignin conversion via liquid phase reforming is performed in the presence of a hydrogen donating agent or hydrogen donating solvent under an inert atmosphere.63, 86, 87, 105–119
The majority of the studies reported to date have used ethanol as solvent and hydrogen
donor, although H-donors such as formic acid, methanol, tetralin, isopropanol, and glycerol have also been studied. Additionally, supported noble metal catalysts such as Pd/C,
Ru/C and Pt/γ-Al2 O3 , as well as mixed metal oxides (CuMgAlOx , Mo2 C/C-nanofibers,
etc.) have been investigated for this process. One advantage of the liquid phase reforming
method is the fact that aromaticity is preserved in the majority of monomers produced,
however, a great variety of products are observed with low selectivity towards a single
product.
Total monomer yields of > 20 wt.% are frequently reported, however the highest yield
(86 wt.%) being achieved by Hensen and co-workers using softwood kraft lignin as substrate, ethanol as solvent/hydrogen donor, and CuMgAlOx as catalyst.116, 120 Compared
to noble metal catalysts, a metal oxide supported non-noble metal catalyst protects the
monomers and oligomers from repolymerization by alkylation with the solvent (or capping
of the phenolic units). In addition, an important aspect of the use of ethanol is the fact
that it scavenges formaldehyde formed during lignin decomposition. Generally, the use of
ethanol as solvent enables higher monomer yields than other solvents. Li and co-workers117
used softwood kraft lignin as substrate over carbon supported α-molybdenum carbide (αMoC1-x /C) catalyst in a variety of alcohol solvents (ethanol, methanol, isopropanol), and
they observed the highest monomer yield in ethanol (28 wt.%). In another study performed
by the same group testing various Mo-based catalysts,117 the authors discovered that metallic Mo supported on alumina (Mo/Al2 O3 ) gave the highest overall aromatic monomer yield
(33.3 wt.%); additionally, the simplicity of the catalyst preparation method for Mo/Al2 O3 is
another advantage over α-MoC1-x /C (incipient impregnation vs. temperature programmed
reaction procedure). Using Alcell R lignin, which consists of a mixture of harwood EOL,
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Kloekhorst et. al. reached 48 wt.% monomer yield using Ru/C catalyst in methanol/formic
acid (v/v=20:1) under 1 bar H2 atmosphere.87 Contrary to previously described scenarios, in this study the use of methanol as solvent exceeded ethanol in terms of monomer
production, and this is attributed to ethanol dehydration to ethylene, which lowers the H2
concentration, and thus the HDO rate.
Aiming to study the effect of an acid co-catalyst on liquid phase reforming, Jiang et.
al. converted enzymatic hydrolysis/alkaline extracted bamboo lignin using methanol/water
(v/v=5:2) as solvent over Raney R Ni combined with acid zeolites as catalyst.119 The authors observed an overall increased yield with the addition of acid zeolites such as HUSY,
HZSM-5, and HY (27.9 wt.%, 25.9 wt.%, and 24.2 wt.%, respectively) compared to Ni
only (12.9 wt.%). The increase in monomer yield can be attributed to the possibility that
the acid zeolite acts as a blocking agent, preventing coupling reaction between of unstable
lignin fragments and unreacted lignin, which can produce undesired polymers with higher
molecular weight. Weckhuysen and co-workers106, 108 studied the effect of acid and alkaline additives on Pt/Al2 O3 catalysts for conversion of Indulin AT kraft lignin in ethanol and
water (1:1, wt/wt) and found the addition of H2 SO4 gave the highest monomer yield (18
wt.%); in addition, 9 wt.% and 16 wt.% monomer yields were observed for Alcell R lignin
and sugarcane bagasse lignin, respectively.
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Table 2.4: Results of literature methods utilizing liquid phase reforming for reductive lignin depolymerization.a
Catalyst

Solvent

Temp
(°C)

pressure
(bar)b

Concentrated acid hydrolysis lignin from spruce
De-sulfonated kraft lignin from spruce

Monomer
Yield
4 wt.%
5 wt.%
5 wt.%
6 wt.%
6 wt.%
11 wt.%

Switchgrass EOL

21 wt.%

G: 1-4,8

Indulin AT kraft lignin

18 wt.%
13 wt.%
13 wt.%

H/G: 1,3,5,7,8
Cat: 1,3,5-7

AlcellÒ lignin

9 wt.%

Sugarcane bagasse lignin

16 wt.%

Time

Lignin
H2SO4 pre-treatment/EOL from spruce
SO2 pre-treatment/EOL from spruce

Pd/C+Naflon SAC-13

Pd/C
Pt/Al2O3+H2SO4
Pt/Al2O3+heteropoly acid
Pt/Al2O3+NaOH
Pt/Al2O3+H2SO4

Water/formic acid
(v/v=24:1)

EtOH/formic acid

EtOH/water
(wt/wt=1:1)

300

350

225

95 @ rxn
temp

Not
indicated

95 (He)

2h

Acid hydrolysis lignin from spruce

4h

1.5 h

Pt/Al2O3+H2SO4

300

4h

17 wt.%

8h

23 wt.%

28

Protobindä 1000
EtOH

340

CuMgAlOx

1h

36 wt.%

10 (N2)
380
MeOH/EtOH
(v/v=1:1)
MeOH

8h

300

Ni/Al-SBA-15

MoC/C

EtOH

Tetralin, isopropyl
alcohol, glycerol,
formic acid
EtOH
MeOH
Water
Isopropyl alcohol

60 wt.%
62 wt.%

Softwood kraft lignin

86 wt.%

Protobindä 1000

6 wt.%
17 wt.%
19 wt.%
16 wt.%
15 wt.%
21 wt. %

340

10 (N2)

<1h

Protobindä 1000
Protobindä 1000
Wheat straw EOL
Poplar EOL
Spruce EOL

150

Not
indicated

30 min

Olive tree pruning EOL

Softwood kraft lignin

280

1 N2

9 wt.%

4h

NbN
TiN

Protobindä 1000
AlcellÒ lignin

6h

17

Monomer
Structures

Ref.

Res, Ct1, G1,

[1]

[109]

H/G/S: 1,3,4,9
Cat: 1,3,4,8
H/G/S: 1,3,9,15
Cat: 1,3,8,11
G: 1-3, alkyl
phenols, aromatics,
cyclic alkanes and
alkenes
alkyl phenols,
aromatics, cyclic
alkanes and
alkenes
Aromatics, alkyl
phenols, cyclic
alkanes and
alkenes
G1, alkyl phenols,
cyclic alkanes and
alkenes

[106,
108]

[116]

[1]

[116]

Alkyl phenols,
aromatics, cyclic
alkenes

[110]

< 1 wt.%

G/S: 1,5,7

[111–
112]

28 wt.%
2 wt.%
5 wt.%
3 wt.%

Aromatics, benzyl
alcohols, and alkyl
guaiacols

[117,
118]

Table 2.4 continued
Catalyst

Solvent

Temp
(°C)

pressure
(bar)

Time

Lignin

EtOH

280

1 N2

6h

Softwood kraft lignin

280

1 N2

2h

264

1 N2

6h

Wheat alkali lignin
Sigma-Aldrich lignin
Softwood kraft lignin

400

1 H2

4h

AlcellÒ lignin

30 min

Bamboo enzymatic hydrolysis/alkaline extracted
lignin

Mo/Al2O3
Mo2N/Al2O3
Pd/C
Pd/C +formic acid

29
a
b

MeOH/formic acid
(v/v=10:1)
Water

Ru/C+formic acid

Isopropyl
alcohol/formic
acid (wt/wt=1;1)

Raneyâ Ni/HUSY
Raneyâ Ni/HZSM-5
Raneyâ Ni/HY
Raneyâ Ni

MeOH/water
(v/v=5:2)

270

1 N2

Monomer
Yield
33 wt.%
28 wt.%
11 wt.%
7 wt.%
26 wt.%
32 wt.%
48 wt.%
27.9 wt.%
25.9 wt.%
24.2 wt.%
12.9 wt.%
21 wt.%

Monomer
Structures
Aromatics, benzyl
alcohols, and alkyl
guaiacols
H/G/S: alkyls and
oxides
Ct1, H1, G: 1-4
Aromatics, alkyl
phenols,
catechols, cyclic
and noncyclic
alkanes

[113]
[114]

[87]

[119]

[1]

[115]

Cu/Mo-ZSM-5+NaOH

MeOH/water

220

1 Ar

7h

Hardwood kraft lignin

6 wt.%
8 wt.%

Ru/C

Isopropyl alcohol

300

20 N2

3h

Switchgrass ionic liquid pre-treated enzymatic
hydrolysis lignin

15 wt.%

H/G/S: 1-3,8,9,11

18

[118,
120]

H/G/S:
3,6,8,913,14
Phenols,
aromatics, cyclic
and noncyclic
alkanes,
oxygenated
compounds
Phenols

Reproduced from ref. 15 with permission from The Royal Society of Chemistry.
Pressure at room temperature unless otherwise noted

Ref.

2.2.1.5

Reductive Lignin Depolymerization using Hydrosilanes, Zinc, and Sodium

As an alternative to hydrogen as reducing agent, studies have shown that reductive depolymerization of isolated lignins can be achieved using stoichiometric reagents such as
hydrosilanes,121 sodium,122 and zinc123 (Table 2.5). Like many of the methods described
previously, these reducing agents also target the β-O-4 and α-O-4 linkages for lignin conversion. Monomer yields for the three methods described are generally lower compared to
those utilizing hydrogen, however, lignin conversion using hydrosilanes, zinc, and sodium
are generally performed under milder reaction conditions in regards to the temperature and
pressure.
Feghali et. al.121 achieved lignin conversion towards the production of propyl- and
propanol-substituted catechols and pyrogallols with the use of excess Et3 SiH in the presence of a potent Lewis acid, B(C6 F5 )3 , using dichloromethane as solvent. The mechanism
for this metal-free reduction method has previously been described by the group,124 and involves an electrophilic activation of Et3 SiH by the borane co-catalyst that ultimately leads
to silylation of all the hydroxy and methoxy groups (Figure 4). The silyl groups can subse-

Figure 2.4: Monomer production from reductive lignin depolymerization using hydrosilanes

quently be removed via hydrolysis. Isolated lignins were obtained from a variety of woody
feedstocks by formic acid/acetic acid/H2 O treatment (a.k.a. formacell lignin), which the
authors used as substrate for lignin depolymerization. Monomer yields ranging from 11-41
wt.% were achieved for hardwood lignins, these being higher compared to those obtained
from softwood lignins, which produced 7-17 wt.% monomers.
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Prinsen et. al.122 set out to depolymerize a variety of isolated lignins using liquid ammonia at relatively high reaction temperature and pressure (120 ◦ C and 88 bar), observing
that most lignins underwent incorporation of nitrogen into the structure. In the case of
elephant grass MWL, the monomers obtained included a large percentage of amide alkyl
phenols. Subsequently, they performed conversion of lignin under reductive conditions by
utilizing solvated electrons from the addition of Na(s) in liquid ammonia (Birch reduction).
The highest monomer yield was obtained from elephant grass MWL conversion (3.1 wt.%),
with high selectivity to alkyl phenols and no nitrogen incorporation in the lignin structure.
The reductive cleavage in this case may have been achieved by the addition of the solvated
electrons to the carbon in the aryl group, and it has been suggested that either an ammonium ion that complexes the adjacent phenolic oxygen,125 or lignin functional groups can
act as the hydrogen donor.126
The Zn/NH4 Cl method is a two-step lignin depolymerization process, while the first
step involving oxidation of lignin catalyzed by the DDQ/t BuONO/O2 system, the subsequent zinc-catalyzed selective degradation of the β-O-4 linkage being inherently reductive.
Studies have shown that zinc is a versatile reductant, especially for its application towards
the conversion of α-hydroxy ketones,127 which were readily identified in a variety of DDQ
oxidized lignins.18 Lancefield et. al.123 used birch dioxane organosolv lignin as substrate
and achieved 6 wt.% isolated phenolic monomer yield with product S20 as the major product (5 wt.%).
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Table 2.5: Results of literature methods utilizing hydrosilanes, zinc, and sodium for reductive lignin depolymerization.
Catalyst

Et3SiH+B(C6F5)3

Na(s)

Solvent

Dichloromethane

1) THF
2) Liquid NH3

2-Methoxyethanol/
1,2-dimethoxyethane
(v/v=2:3)
a
Yields have been corrected for SiEt3 groups.
1) DDQ/tBuONO/O2
2) Zn+NH4Cl

Temp
(°C)

R.T.

pressure
(bar)

1 Air

Lignin

Monomer
Yield

Formacell lignin from softwood (pine, spruce,
and cedar)

7-17 wt.%a

Formacell lignin from hardwood (oak, birch,
beech, poplar, and hybrid plane)

11-41 wt.%a
3.1 wt.%
2.4 wt.%
1.2 wt.%
0.6 wt.%

Phenols and alkyl
phenols

[122]

0.5 wt.%

G21, S20, S21

[322]

Time

20 h

20

1 Air

6h

Elephant grass MWL
Poplar organosolv lignin
Indulin AT kraft lignin
Protobindä 1000

80

1 Air

1) 14 h
2) 1 h

Birch dioxane organosolv lignin

32
21

Monomer
Structures
Propyl and
propanol
substituted
catechols and
pyrogallols

Ref.

[121]

2.2.2

Reductive Catalytic Fractionation (RCF)

While results presented in section 2.2.1 and its subsections show that good monomer
yields can be obtained from late stage lignin catalytic conversion, the tedious isolation process and the involvement of additional chemicals makes the industrial feasibility of this process rather challenging. In recent years, the process of early catalytic conversion of lignin
(ECCL), or simply “lignin first” has brought monumental advances in the catalytic process of lignin.16, 128 ECCL comprises a number of methods that “target conversion of lignin
fragments upon their release from the plant cell wall”.43 Reductive catalytic f ractionation
(RCF), one of the methods that falls under that umbrella term ECCL will be discussed in
detail in this section.
The origin of RCF dates back to the 1940s to 1960s. with studies reported by Hibbert
and Pepper56–60 which were performed with a focus on the analysis of lignin structure. It
was not until the early 2000s that the research on RCF was aimed at the context of lignocellulose biorefinery. RCF involves solvolytic lignin extraction coupled with simultaneous
reductive catalytic depolymerization, which, unlike the methods described in the previous sections, RCF integrates delignification and lignin depolymerization/stabilization into
a one-step process. The process of RCF is closely related to organosolv pulping,1 although
instead of producing a high molecular weight lignin precipitate, an uncondensed lignin
oil rich in phenolic monomers, dimers, oligomers is obtained.129 From the perspective of
cellulosic ethanol production in the lignocellulosic biorefinery, the RCF process typically
preserves the structure and integrity of the cellulosic component,61, 130 however, it should be
noted that the carbohydrate component of lignocellulosic biomass post-RCF is recovered
as a (holo)cellulose pulp, together with the spent catalyst. The separation of catalyst and
biomass is yet another challenge, in addition to maximizing monomer selectivity and yield,
and many studies opted to takle the issue with the use of ferromagnetic catalysts,52, 131 or
the use of a catalyst basket.55, 132
The RCF biorefinery involves four essential components: (i) lignocellulosic biomass,
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(ii) solvent (either an alcohol or cyclic ether, water often being used as a co-solvent133 ), (iii)
a heterogenous redox catalyst, and (iv) H2 or a hydrogen donor.1, 129 These components
are typically added to a high-pressure batch reactor and heated (180 ◦ C-250 ◦ C) for 2-24
hours.42, 44, 52, 55, 57, 61, 61, 83, 85, 131–152 Sels and co-workers132 recently discovered that delignification, induced by heat, is typically achieved by solvent extraction, which forms reactive
fragments that are prone to repolymerization; the redox active catalyst can stabilize these
reactive fragments, while also possibly effectuating depolymerization via hydrogenolysis
(Figure 2.5).129 Results collected from literature that involve the RCF process are presented
in Table 6, and the following sub-sections briefly break-down the variables and their effect
on the delignification process and total monomer yield.

Figure 2.5: Schematic representation of RCF process in high-pressure batch reactor.
Reprinted from T. Renders, G. Van den Bossche, T. Vangeel, K. Van Aelst, B. Sels, Reductive
catalytic fractionation: state of the art of the lignin-first biorefinery, Current Opinion in
Biotechnology, vol. 56. pp. 193-201. Copyright (2019), with permission from Elsevier.

2.2.2.1

Reaction Conditions

The degree of delignification, carbohydrate retention in the (holo)cellulose
pulp, and product yield is highly dependent on the solvent,133, 135, 136, 142 additives44, 131, 133, 137, 138, 143, 151, 153 and reaction temperature.44, 54, 135, 136 Total monomer yield and
the degree of delignification can generally be enhanced with the increase of reaction tem34

perature, and an increase in the polarity of the solvent used in the reaction can also favor
product yield since hydrogen source can originate from the solvent.52, 54, 133, 136 Dilute acid
is often employed in enzymatic hydrolysis of cellulose as it catalyzes the hemicellulose
depolymerization via hydrolysis of the glycosidic bonds,154, 155 and hence the addition of
Brønsted acids such as H3 PO4 , Yb(OTf)3 , and Al(OTf)3 has also been shown to increase
the monomer yield without modification of other reaction conditions.
2.2.2.2

Lignocellulose Source

As mentioned before, the RCF process produces a “lignin oil” rich in phenolic
monomers. The reaction conditions and their modifications are not typically aimed at altering the substituent structures of these phenolic monomers, the lignocellulose source is
the first major component that determines the aromatic monomer structures. As described
in detail in Chapter 1, lignin composition and inter-unit linkage vary among the three main
feedstocks (hardwood, softwood, and herbaceous) used in biomass upgrading, including
RCF. Studies performed by Van den Bosch et. al.54 and Galkin et. al.61 revealed that a
higher β-O-4 ether linkage concentration in native lignin results in higher monomer yield.
In addition, Van den Bosch et. al.54 also found a direct correlation between increasing
lignin syringyl (S)-content and monomer yield. Mansfield, Lee, and co-workers have also
observed an interdependent relationship between the S-unit concentration and the β-O-4
ether linkage content in the lignin structure.156, 157 According to studies by Van den Bosch
et. al. and Galkin et. al., the monomer yield generally increases (with a few outliers) from
softwood species (up to 30 wt.% reported), to herbaceous species (up to 40 wt.% reported),
to hardwood species (over 50 wt.% reported).1
The RCF method is generally selective and preserves the aromaticity of the monomeric
compounds. Not only does the source of biomass directly affect the yield of p-hydroxyl-,
guaiacyl-, or syringyl-substituion in the products, the structure of the substituents can also
be dependent on the feedstock and process parameters. Most RCF performed on hardwood
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or softwood species can selectively produce propyl-, propenyl-, propanol-, methoxypropyl, and ethyl-substitued methoxy phenols, while RCF performed on herbaceous crops is able
to generate propionic- and acrylic ester- substituted methoxy phenols in addition to those
obtained from woody species.
2.2.2.3

Applied Catalyst

In addition to the biomass feedstock species, the nature of the substituent groups
on the aromatic structure is highly dependent on the catalyst used, catalyst additives
(if used), reaction time, and whether the reaction atmosphere utilizes hydrogen or inert
gas.1 In general, selective propyl-substitution (G2 and S2 in Figure 2.6) is a result of
hydrogenolysis and dehydration of the γ-OH group, which can be achieved by the following catalyst systems: Ru/C,54, 139 Pt/C,140, 142 ZnPd/C,55, 145 and Rh/C140 coupled with
a hydrogen atmosphere, or Ni/C under inert atmosphere using the solvent as a hydrogen
source.135 On the other hand, preservation of the γ-OH group results in the production of
propanol-substituted compounds (G5 and S5 in Figure 2.6), and is enabled by the use of
Pd/C83, 133, 136, 138–140, 142, 145, 154, 158 or Raney R Ni143, 158 in hydrogen atmosphere. Propenylsubstitued compounds (G3 and S3 in Figure 2.6) are observed as products by Samec and
co-workers when Pd/C was used under inert atmosphere coupled with a shorter reaction
time,134, 159 however, when the reaction time was extended and temperature was increased,
monomer selectivity shifted towards propenyl-substitued compounds. Based on these observations, Sels and co-workers concluded that the use of pressurized H2 as well as reaction
temperature and time are essential variables in the preservation of γ-OH groups.1 Addition of strong acids such as HCl and H2 SO4 ,151 or metal triflate catalysts such as Yb(OTf)3
or Al(OTf)3 138 to the Pd/C+H2 system in methanol can modify the propanol substituents,
yielding methoxypropenyl-substituted compounds (G6 and S6 in Figure 2.6). This is likely
due to the etherification of γ-OH groups catalyzed by the metal triflate. In addition to previously mentioned propionic- and acrylic ester-substituted methoxy phenols (H2 , H3, G4,
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G7, S4, S7 in Figure 2.6), ethyl-substitued aromatic products (H1, G1, and S2 in Figure
2.6) are also generally unique to RCF that utilize herbaceous crops as feedstock, however,
addition of NaOH to RCF performed on woody biomass can also result in the production
of ethyl-substituted aromatic products,143, 144 which are likely to originate from a hydrogenation of the β-O-4 ether linkage, or an enol-ether intermediate.1 It should also be noted
that ethyl-substitued products can also result of decarboxylation of the other products as intermediates.44 While some ring-saturated products (Cy1 and Cy2 in Figure 2.6) have been
observed by Pepper et. al. using spruce as the biomass source,160 generally, the aromaticity
is effectively preserved in most RCF studies.

Copyright c Yang (Vanessa) Song, 2019.
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Figure 2.6: List of monomer structures from reductive catalytic fractionation of lignocellulosic biomass

Table 2.6: Reaction conditions and results of literature methods utilizing reductive catalytic fractionation.a
Catalyst

Solvent

Temp (°C)

H2 (bar)b

Time

Lignocellulose Source

Monomer
Yield

Monomer
Structuresc

Ref.

RaneyÒ Ni

1,4-Dioxane/water
(v/v=1:1)

195

35

5h

Aspen

52 wt.%

G5; S1, S2, S5

[146]

Pd/C

1,4-Dioxane/water
(v/v=1:1)

195

35

17 wt.%

G5

14.7 wt.%

G2, G5

Pd/C+HCl

10.5 wt.%

G2, G5

Pd/C+NaOH

7.2 wt.%

G1

9.5 wt.%

G5

14.7 wt.%

G2, G5

9.4 wt.%

G1

Raney Ni
RaneyÒ Ni+HCl

1,4-Dioxane/water
(v/v=1:1)

195

35

10 h

Spruce

5h

5h

Spruce

Ò

Raney
Ni+NaOH
Ò

Raney Ni
Rh/C
Rh/Alumina

16 wt.%
1,4-Dioxane/water
(v/v=1:1)

195

35

5h

Spruce

34 wt.%
24 wt.%

Ò

17 wt.%

39

1,4-Dioxane/water
(v/v=1:1)

195

1,4-Dioxane/water
(v/v=1:1)

195

35

5h

Aspen

1,4-Dioxane/water
(v/v=1:1)

195

35

5h

Spruce

Rh/C no agitation

1,4-Dioxane/water
(v/v=1:1)

195

35

5h

Aspen poplar

D-101d

1,4-Dioxane

250

50

2h

Rice husks

Ru/Alumina
Rh/C
Rh/C
Rh/C+HCl
Rh/C+NaOH
Rh/C+agitation

35

5h

Spruce

Cy1, Cy2, G5

[160]

50 wt.%

G/S: 2,5

[147]

21 wt.%

G1, G2, G5

18 wt.%

G2, G5

7 wt.%

G1, G5

12 wt.%

45 wt.%
46 wt.%
33 wt.%

200

40

4h

Birch

S2, S5

[1]

G1, G2, G5; S2; H1

[152]

G/S: 2,5

[1]

19.7 wt.%
33.6 wt.%

Pt/C+H3PO4

37.9 wt.%

Rh/C+H3PO4

[144]

25.5 wt.%
Water

Pt/C
Pt/C

G5

4.6 wt.%

Pd/C

Pt/C+H3PO4

[158]

15 wt.%

Ru/C
Rh/C

G2,5

13 wt.%

Pd/C
Raney Ni
Ru/C

[143]

1,4-Dioxane/water
(v/v=1:1)

41.7 wt.%
200

40

4h

Birch

46.4 wt.%
45.5 wt.%

28

Table 2.6 continued
Catalyst

4%Ni-30%W2C/C

Lignocellulose Source

Monomer
Yieldc

Water

Birch

36.9 wt.%

Water

Corn stalk

20.6 wt.%

Birch

42.2 wt.%

Birch

46.5 wt.%

Poplar

32.4 wt.%

Basswood

37.3 wt.%

Astree

40.5 wt.%

Solvent

MeOH

Temp (°C)

235

H2 (bar)

60

Time

4h

Ethylene glycol

4%Ni-30%W2C/C

Water

235

60

4h

Beech

26.1 wt.%

Xylosma, willow

29.3 wt.%

Bagasse

23.4 wt.%

Pine

10.1 wt.%

Pd-W2C/C

28.4 wt.%

Pt-W2C/C

26.7 wt.%

Ir-W2C/C

40

Pd /C

235

60

4h

Birch

44.1 wt.%
41.1 wt.%

Ru/C

G2, G5

[83]

11.6 wt.%
22 wt.%

Steam explosion pretreated (SEP) pine

7 wt.%

SO2 added SEP pine

2 wt.%

Birch

59 wt.%

G/S: 2,3

49 wt.%

G/S: 2

41 wt.%

G/S: 2

EtOH

47 wt.%

G/S: 2

Ethylene glycol

49 wt.%

G/S: 2

Isopropyl alcohol

20 wt.%

G/S: 2,3

1,4-Dioxane/water
(v/v=1:1)

195

MeOH

200

1,4-Dioxane

240
200

200

35
50
1 (Ar)

1 (Ar)

24 h
6h
6h

Birch

6h

Birch

15 wt.%

[135]

1% MeOH/water

8 wt.%

25% MeOH/water

20 wt.%

G/S: 2

27 wt.%

G/S: 2,3

19 wt.%

G/S: 2,3

9 wt.%

G/S: 3

2 wt.%

G/S: 3

Ni/SBA-15
Cu/C

[142]

Pine

MeOH

Ni/Al2O3

G/S: 2,5

55.1 wt.%

Ir/C

Ni/C

Ref.

31.5 wt.%
Water

Pt/C

PdC

Monomer Structures

MeOH

200

1 (Ar)

6h

Birch

Cu-Cr oxide

29

G/S: 2

Table 2.6 continued
Catalyst

Solvent

Temp (°C)

H2 (bar)

Time

Pd/C

EtOH/water
(v/v=1:1)

195

4 (Ar)

1h

Pd/C

ZnPd/C

EtOH/water
(v/v=1:1)

MeOH

210

225

1 (Ar)

35

15 h

12 h

41

Pd/C
ZnPd/C
Pd/C

Ni/C (in cage)

225

35

MeOH
MeOH
Water

200

2 (N2)

Pd/C

Pine

23 mol%

G3

52 mol%

G/S: 3

Finnish birch

35 mol%

Swedish birch

36 mol%

Poplar

22 mol%

Spruce

12 mol%

Pine

7 mol%

Poplar (WT-717)

40 wt.%

Poplar (717-F5H)

36 wt.%
44 wt.%

Poplar (WT-LORRE)

54 wt.%

White birch

52 wt.%

Eucalyptus

49 wt.%

Lodgepole pine

19 wt.%

G2

59 wt.%

G/S: 2,5

MeOH

Pd/C+H3PO4

G/S: 2
G/S: 2
G/S: 3

28 wt.%

G/S: 2,3

68 wt.%

G2, G4, S2, H2

52 wt.%

G/S: 2,5

25 wt.%

G2, S2

Birch

50 wt.%

G2, S2

Poplar

44 wt.%

G2, S2

Spruce and pine softwood mixture

21 wt.%

G2

Miscanthus

27 wt.%

G2, G4, G5, S2, S5, H2

48 wt.%

G/S: 2,5

49 wt.%

G/S: 5

30

6h

Birch

3h

Birch

Pd/C
Pd/C

36 wt.%

Eucalyptus

250

30

G/S: 2, 5

26 wt.%

Miscanthus

250

G/S: 2

38 wt.%
32 wt.%

12 h

3h

44 wt.%

Birch

35

30

G/S: 2

Poplar

6h

225

250

G/S: 2,3

Poplar (WT-NM-6)

12 h

Ru/C
MeOH

Monomer Structures

Birch

Poplar (717-F5H)

MeOH

Ru/C

Monomer
Yield

Poplar (WT-717)
MeOH

ZnPd/C
Ni/C

Lignocellulose Source

Ref.
[134]

[159]

[55]

[145]

[1]
[42]

[54]

[139]

44 wt.%
MeOH

250

30

3h

Poplar

Pd/C+NaOH

26 wt.%
23 wt.%

30

G/S: 2,5

42 wt.%
G/S: 1,2,5

[154]

Table 2.6 continued
Catalyst

Pd/C

42

Pd/C

Ru/C

Ru/C+HCl

Solvent

H2 (bar)

Time

Lignocellulose Source

Monomer
Yield

Water

44 wt.%

MeOH

38 wt.%

Ethylene glycol

27 wt.%

EtOH
Isopropyl
alcohol
1-butanol

17 wt.%
30

3h

Birch

11 wt.%
6 wt.%

1,4-Dioxane

5 wt.%

n-Hexane

2 wt.%

MeOH

49 wt.%

Ethylene glycol

50 wt.%

Water

34.2 wt.%

MeOH
MeOH/water
(v/v=7:3)
EtOH
EtOH/water
(v/v=5:5)

28.2 wt.%
200

20

3h

Poplar

43.5 wt.%

Ref.

G/S: 5

[136]

G/S: 2,5

[133]

19.4 wt.%
43.3 wt.%

MeOH

250

15 h

Beech

48 wt.%

THF

250

15 h

Beech

36 wt.%

MeOH

250

15 h

F5H-poplar

77 wt.%

MeOH

150

20 h

F5H-poplar

0.2 wt.%

THF

150

15 h

Spruce

21 wt.%

S2

MeOH

250

20 h

F5H-poplar

47 wt.%

G2, G5

MeOH

40

250

3h

29 wt.%

200

24 h

29 wt.%

250

3h

32 wt.%

200

30

Corn Stover

24 h

200

6h

32 wt.%

Ni/C+H3PO4

200

6h

38 wt.%

MeOH/water
(v/v=6:4)
MeOH

G/S: 2,5
S1, S2

[85]

H1, H2, G1, G2, G4, S2
[44]

28 wt.%

Ni/C (HNO3 oxidized)

Ni/C

Monomer Structures

12 wt.%
200

Tetrahydrofuran

Ni/C
Ru/C

Temp (°C)

H: 1-3; G:1-4, 7; S2, S3
H1, H3, G: 1-4, 7; S2,
S3, S7

51.4 wt.%
200

20

5h

Beech

1,4-Dioxane

39.3 wt.%
14.3 wt.%

31

G/S: 2,3

[148]

Table 2.6 continued
Monomer
Yield

Monomer
Structures

Solvent

Temp (°C)

H2 (bar)

Time

Lignocellulose Source

MeOH

180

30

2h

Birch

Pd/C

1h

Birch

24 wt.%

G/S: 2,5

Pd/C+Yb(OTf)3

1h

Birch

43 wt.%

G/S: 1,2,5,6

Pd/C+Yb(OTf)3

2h

Birch

46 wt.%

G/S: 1,2,5,6

Pd/C

1h

Oak

33 wt.%

Pd/C+Yb(OTf)3

1h

Oak

47 wt.%

Pd/C

1h

Poplar

17 wt.%

Catalyst
Pd/C
Pd/C+Al(OTf)3
Pd/C+Yb(OTf)3

Pd/C+Yb(OTf)3

MeOH

200

30

14 wt.%

G/S: 2,5

45 wt.%

Not indicated

43 wt.%

G/S: 1,2,5,6

43

1h

Poplar

29 wt.%

Pd/C+Yb(OTf)3

2h

Poplar

36 wt.%

Pd/C

1h

Scotch pine

10 wt.%

Pd/C+Yb(OTf)3

1h

Scotch pine

24 wt.%

Pd/C

1h

Wheat chaff

6 wt.%

Pd/C+Yb(OTf)3

1h

Wheat chaff

6 wt.%

2h

Birch

55 wt.%

4h

Oak (300-1000 µm)

46 wt.%

4h

Oak (0-300 µm)

40 wt.%

4h

Douglas fir (300-1000 µm)

17 wt.%

Pd/C+Al(OTf)3

MeOH

180

30

a

Reproduced from ref. 15 with permission from The Royal Society of Chemistry.
b
Pressure at room temperature unless otherwise noted
c
Codes are referenced to Figure 6.
d
D-101 catalyst consists of a mixture of polyvalent metals modified by additions of alkaline-earth metals
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Ref.

[137]

Not indicated

G/S: 2,5,6
Not indicated

[138]

2.3

Oxidative Lignin Depolymerization

2.3.1

Recent Advances

As for reductive lignin depolymerization, oxidative lignin depolymerization also strives
towards the transformation of valuable aromatic compounds. The history of converting
lignin to low molecular weight aromatics dates back to the mid-twentieth century, motivated mainly by the paper industry’s search of a new revenue outlet for the biopolymer in
lieu of incineration of this aromatic-rich natural substance for energy recuperation.13, 161, 162
An enormous amount of effort has been expended in by the industry on both chemical and
biological delignification processes, however, the emphasis has been almost exclusively on
minimizing lignin’s impact on the physical properties of cellulose fiber, with little consideration of preserving the structural integrity of lignin. The difficulty in harnessing lignin as
a source for renewable chemicals and fuels has left the paper industry with the conclusion:
“you can make anything out of lignin...except money”.63
With the development of technology, and advancement in lignin knowledge over the
past few decades, the previous statement may no longer be correct. The results presented
in the previous sections of this chapter showed that good yields of lignin-derived products
can be obtained from isolated lignin and whole lignocellulosic biomass via reductive pathways. Good yields of aromatic products have been obtained from lignin depolymerized
using reductive methods, however, these products exhibit inherently lower market value
due to loss of oxygen content, and currently many of these product can be produced from
petroleum at a lower cost(as discussed in Section 1.3 of this thesis). To combat this issue,
extensive research has been devoted to lignin depolymerization via oxidative pathways in
order to preserve (or in some cases, increase) the oxygen content within lignin-derived
products. Figure 2.7 summarizes some of the major literature oxidative lignin depolymerization strategies investigated in the recent decades.
Earlier work involving oxidative depolymerization of lignin was conducted with either
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Figure 2.7: Summary of oxidative lignin depolymerization methods reported in recent literature
reviews. Reprinted from R. Ma, M. Guo, X. Zhang Recent advances in oxidative valorization of
lignin, Catalysis Today, vol. 302. pp. 50-60. Copyright (2018), with permission from Elsevier.

transition metal ions or with an oxidant alone.163–166 Metal oxides containing, e.g., Cu2+ ,
Co2+ , Mn3+ were also subsequently tested in order to enhance catalytic depolymerization of
lignin.167–169, 169–172 Aside from inorganic metal catalysts, homogeneous organic catalysts
have also been tested to evaluate their ability to depolymerize lignin. Most reported oxidative lignin depolymerization studies utilize monomeric and dimeric phenolic compounds
to model lignin-like oxidation, however, extended studies have also been performed using technical lignins (e.g., kraft lignin, organocell lignin, lignosulfonate, etc). Almost all
literature reported oxidative lignin depolymerization studies can be organized into three
categories: (i) cleavage of lignin inter-unit linakges (primarily those present in α-O-4 and
β-O-4 linkages) (Figure 2.8), (ii) modifications of lignin side-chain units, mainly involving the conversion of primary and secondary OH groups in the lignin polymer (Cα -OH and
Cγ -OH groups found in lignin β-O-4 linkages are primary targets), and (iii) oxidation or
cleavage of the aromatic rings, which is typically facilitated by a one-electron mechanism
(excluded from this chapter). The remaining sections of this chapter will expand on the
first two categories with the intent to elucidate their potential efficacy towards oxidative
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lignin depolymerization, with a summary of results presented in Table 2.8 and Table 2.9 at
the end of each section.

Figure 2.8: Oxidative depolymerization and select products

2.3.2

Oxidative Cleavage of Lignin Inter-unit Linkages

Phenylpropanoid units within the lignin molecule are connected by C-O and C–C linkages, with C-O linkages (predominantly α-O-4 and β-O-4 linkages) being more abundant.13, 63, 173 An advantage of the oxidative cleavage of these linkages is the introduction of
additional oxygen-containing functional groups into the resulting lignin fragments.63, 161, 174
An increase in oxygen-rich functional groups may also increase π–π stacking, as well as
decreasing certain C-O linkages in the remaining lignin fractions. The weakening of the
inter-unit forces that holds lignin together facilitates the overall dissociation of the lignin
macromolecule.

175, 176

Due to the abundance of β-O-4 inter-unit linkages in lignin, which contains the more
labile ether linkages compared to C–Cs linkage, significant effort has been devoted to
the development of an efficient method to cleave the β-O-4 linkage. However, many of
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the biomass pretreatment and lignin isolation processes are conducted at extremely acidic
or basic conditions, leading to a significant portion of the C-O linkages being cleaved.
50, 177–182

In general, conditions required to instigate cleavage of the C-C linkages involve

high temperature and pressure, and high loadings of expensive noble-metal catalysts (e.g.,
Ru/C, Pd/C, Pt/C) are also often required.66, 183–187 Under these severe conditions, condensation of lignin fragments generated during this process becomes prevalent.188–191
2.3.2.1

Metal Oxides

Treatments employing oxidative reagents alone such as O2 , H2 O2 , and O3 can break
down the majority of lignin ether linkages, and through a different mechanism, a small
fraction of the C–C linkages can also be cleaved.192–195 Addition of transition metal
ions to this process (e.g., Ce2+ , Fe3+ , Mn2+,3+ , Co2+ , and Zr4+ ) has been shown to
enhance the oxygen reactivity, and subsequently, facilitate cleavage of β-O-4 linkages as
well as pinacol-type C–C linkages.163, 164 The use of metal oxides for lignin oxidation
has also been a long investigated strategy.196–201 In the early 1980s, Hedges et. al.202
treated whole plant matter using alkaline cupric oxide (CuO) that was designed to be a
method for lignin characterization in environmental samples.171, 202 In this case monomeric
phenolic compounds were obtained from lignin isolated from various gymnosperms and
angiosperms. However, this method requires labor-intensive liquid-liquid extraction, and
the clean-up procedure involves treatment with concentrated alkaline solutions, which can
lead to destruction of oxidation products. To mimic lignin degradation via wood-decay
fungi, which secrete oxalate that can weaken the cell wall, Kurek et. al. tested MnO2
oxalate for oxidizing and depolymerizing lignin in spruce sawdust.169 However, the system
showed very limited reactivity towards lignin inter-unit linkages primarily due to the fact
that the MnO2 /oxalate system is unable to directly promote oxidation of nonphenolic
structures, thus only the free phenolic hydroxyl groups in the spruce wood lignin could be
modified.169, 170, 203, 204
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Augugliaro et al. reported the use of metal oxides (TiO2 and ZnO) under photocatalytic
conditions to degrade lignin to phenlic aldehydes, ketones, and acids.205, 206 Both C-O
and C–C linkages were susceptible to photochemical oxidation in this case, producing
a mixture of aldehyde compounds from lignin-rich black liquor, and due to the high
reduction potential of these photocatalysts, lignin degration proceeded at a faster rate
compared to the previously mentioned methods.207 The pH of the reaction environment
also has a significant effect on product yield. Ma et al. discovered that when the photocatalytic process was operated under acidic conditions, larger amounts of OH radicals were
generated, increasing the reaction rate overall, however, the side effect of this increase
results in the fast accumulation of negative species on the catalyst surface, which caused
deterioration of reaction rate over time.208 To over come this challenge, the group found
that the addition of Pt to the TiO2 support (Pt/TiO2 ) relieves the accumulation of the
negative species, resulting in better photocatalytic ability.
Further advancements were made to the concept of using metal oxides for oxidative
lignin depolymerization by applying metal/oxide composites, better known as mixed metal
oxides. Mixed metal oxides have shown a pronounced effect in improving the cleavage
of β-O-4 ether linkages as well as pinacol C–C bonding compared to metal ions and
single metal oxides. Zhang, Deng, Wang and other groups selectively obtained phenolic
aldehydes from oxidative depolymerization of alkaline extracted corn stalk lignin using
LaMx (My )O3 (Mx =Fe, Co, Mn, Sr; My =Cu, Mn) catalysts.167, 168, 209–211 At the highest
monomer yield of 20 wt.% obtained using these catalysts, minimal differences were
observed by tuning the Mx and/or My species.

2.3.2.2

Polyoxometalates

Another group of potential catalysts are polyoxometalates (POMs), which are structurally diverse anionic clusters that consist of three or more transition metal oxyanions,
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linked together forming a closed 3D framework by sharing neighboring oxygen atoms.
In general, POMs used for oxidative lignin depolymerization are those contaning metal
cations such as W4+ , Mo4+ , V5+ , and Nb5+ , and together with oxygen anions they can be
arranged into MO6 octahedral units.63, 173 Generally, POMs oxidize lignin in two steps,
with the first step being the anaerobic oxidation of lignin in the pulp, followed by the
re-oxidation of the POM and mineralization of lignin (Figure 2.9).212, 213 Sonnen et al.212

Figure 2.9: Oxidative depolymerization of lignin catalyzed by POMs. Reprinted with permission
from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added Chemicals
to Support Sustainable Biofuel Production, ChemSusChem 2015 vol. 8. pp. 24-51. John Wiley and
Sons, c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

and Grigoriev et al.213 investigated the lignin oxidation mechanism by testing POMs
using dimeric lignin model compounds. They found that β-O-4 cleavage is the primary
reaction, which produces phenolic aldehydes as the main depolymerization products. The
reactivity of POMs toward C–C bond cleavage was not discussed. Reactivity was favored
towards phenolic-type lignin model compounds (i.e., model compounds that contain the
p-hydroxy group on the aromatic ring), and can generally occur at room temperature. The
phenolic units are typically oxidized into p- and o-quinone structures.214 On the other
hand, p-methoxybenzyl lignin model compounds such as 3,4,5-trimethoxybenzyl alcohol
required a reaction temperature of 180 ◦ C in order to achieve > 90% degradation.174, 215–217
Heteropolyanions (HPA), a subgroup of PMOs, have a general formula of [Xx Mm Oy ]q–
(X=P, Si, B, etc., and M=W4+ , Mo4+ , V5+ , etc.). Evtuguin et al. tested a variety of
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phenolic lignin model compounds using [PMo7 V5 O40]8− (HPA-5), and observed the
reactivity decreasing from hydroxybenzyl> benzyl ether > Cα carbonyl.215, 217 In the
case of HPA-5, cleavage of both β-O-4 ether linkages and C-C side-chain linkages was
observed, in addition, the reactivity towards p-methoxybenzyl lignin model compounds
was enhanced.

2.3.2.3

Vanadium Complexes

Hanson et al. and Toste et al. studied vanadium-group (V, Nb, Ta) catalysts for oxidative lignin depolymerization.194, 218 Hanson et al. reported the use of vanadium-based
organometallic complexes to catalyze C-O and C–C bond cleavage of lignin model compounds that contain pinacol, in which case the C–H bond adjacent to the Cα -OH can
be broken down and oxidized to give the corresponding alcohol and aldehyde (Figure
2.10a).194, 218–220
The use of Schiff base vanadium complexes was tested by Son et al.219 in order to
oxidize dimeric pinacol model compounds to produce alkenes and methoxyphenols. Although the overall reaction is redox-neutral, the use of oxygen being optional to initiate the
reaction, the reaction rate increased when oxygen was introduced into the reaction.
In general, lignin oxidative depolymerization reactions using vanadium catalysts have
been typically conducted at relatively mild temperatures (∼100 ◦ C) under ambient pressure. However, the type of solvent used in the catalytic system is essential in determining
the reaction rate as well as the product profile. Pyridine facilitated a faster reaction rate
for C-H and C-C bond cleavage of pinacol model compounds to release phenols and aldehydes, while the reaction occurred at a much slower rate in DMSO. At the same time,
oxidation of 1,2-diphenyl-2-methoxyethanol in DMSO produced benzaldehyde as primary
products, while benzoic acid and methyl benzoate were formed primarily when the reaction employed pyridine as solvent.194
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Figure 2.10: Example of lignin oxidation using vanadium complexes. Reprinted with permission
from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added Chemicals
to Support Sustainable Biofuel Production, ChemSusChem vol. 8. pp. 24-51. John Wiley and Sons,
c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

Ma et al. have recently revealed that niobium-based catalysts also have a unique catalytic property for oxidative lignin depolymerization. Nb2 O5 in conjunction with peracetic
acid was reported to have a pronounced effect on the solubilization and subsequent catalytic
depolymerization of lignin, and both C-O and C–C linkages in this case can be efficiently
cleaved. Nb2 O5 catalyzed peracetic acid treatment can also effectively remove or oxidize
lignin side-chains to produce phenolic functional groups (hydroxyphenols and phenolic
acids).192
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2.3.2.4

Organorhenium Oxides

Methyltrioxorhenium(VII) (MTO) has been shown to be capable of activating
H2 O2 by forming mono-peroxo complexes (CH3 )Re(O2 )O and bis-peroxo complexes
(CH3 )Re(O2 )2 O (Figure 2.12A). Crestini and co-workers evaluated the MTO/H2 O2 system
by performing lignin model compound oxidation, and have established that a series of reactions occur during the oxidation/depolymerization process (demethoxylation, ether bond
hydrolysis, hydroxylation, and aromatic ring oxidation/cleavage) (Figure 2.11).195, 221, 222
According to the results reported from oxidation of lignin model dimers, it is suggested that

Figure 2.11: Lignin linkage oxidation/depolymerization using MTO/H2 O2 . Reprinted with permission from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added
Chemicals to Support Sustainable Biofuel Production, ChemSusChem vol. 8. pp. 24-51. John
Wiley and Sons, c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

the MTO/H2 O2 system favored the cleavage of C-O bond with limited C-C bond cleavage.
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Oxidation/depolymerization of β-O-4 lignin model compounds (Figure 2.12B) can lead
to a mixture of products: vanillic acid (Cα oxidation), hydroxyketones (ether bond hydrolysis and alkyl side-chain oxidation), dimethoxyphenols (ether bond cleavage), and lactones
(aromatic nuclei destruction).221 Both the β-O-4 C-O bond and C-C linkage in pinacol
were cleaved. Attempts to use MTO/H2 O2 towards β–β linkage depolymerization terminated at the demethoxylation step of the aromatic ring, or the Cα hydroxylation step,
without further oxidative degradation into monomers (Figure 2.12C).223 Nonetheless, the
product profile of oxidative lignin depolymerization using MTO/H2 O2 has been limited to
lignin model compounds, as is the case with metalloporphyrin systems mentioned in a later
section, thus the efficacy of these oxidative lignin depolymerization systems will have to
be evaluated by their application on actual lignin.

Copyright c Yang (Vanessa) Song, 2019.
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Table 2.7: Results of literature oxidative lignin depolymerization methods targeting inter-unit linkages.
Catalyst

Homogenous metal
ions:
CuSQ4
Mn(OAc)3
Cu(OAc)2
Zr(OAc)4/Br
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Metal oxides:
Cu(OH)2/CuO
TiO2
PtTiO2
MnO2/Oxalate
Pd/Al2O3
Mixed metal oxides:
LaMnQ3
LaCoQ3
LaFe1-xCUxO3
LaC01-xCUxO3
Polyoxometalates:
Nas[SiV10MoW10]
Nas[PV2Mo10O40)
[AIMn3•(OH2)W11O40)6·
[SiMn2•I(OH2)W11O39)5·
[AIV5•W11O40]6·
Nas[SiVW,1O40)
HJPMO12O40
HPA-5-Mn(II)

Solvent

Oxidant

Temp (°C)

Pressure
(bar)

Time (h)

Substrate
Monomeric phenolic compounds
13-04 linakge lignin model compounds
Softwood lignosulfonate
Yellow poplar wood chips
Eucalyptus wood pulp
Sugar cane bagasse pulp
Organocell softwood mixture
Organosolv hardwood lignin
liqnosulfonate
Monomeric phenolic compounds
Sulfide pulping wood
Untreated plant samples
Hardwood kraft lignin
Cellulosic pulps
Commercial liqnin

All Products Identified

Max.
Product
Yield

Ref.

Phenolic aldehydes
Phenolic ketones
Polyphenol
Phenolic acids
Phnols

88%

[163166]

Phenolic aldehydes
Phenolic ketones
Phenolic acids

24%

[167192]

[209211]

Alkaline;
Acetic acid;
CH3CN/H2O;
1,4-dioxane/H2O

02

r.t. -160

10 -14

0.33 -10

NaOH/H2O;
Oxalate buffer

02
(UV if used)

r.t. -160

2 -15

0.5 - 20

NaOH/O2

02

120 - 220

2-5

0 -3

Spruce wood sawdust
Alkaline extracted lignin
Enzymatic hydrolyzed steam explosive cornstalk

Phenolic aldehydes

20%

02

r.t.

15-100

0.33 -12

Monomeric phenolic compounds
Unbleached softwood kraft pulp
j3-O-4 linkage lignin model compounds
Kraft lignin

Phenolic aldehyde
Phenolic acid
Phenolic ketone
Quinone

76%

Monomeric phenolic compounds
13-04 linkage lignin model compounds
5-5' linakge lignin model compounds
Hydrolytic sugar cane lignin
Red spruce kraft lignin
Hard wood oraanosolv lianin
Monomeric phenolic compounds
j3-O-4 linkage lignin model compounds
Dilute acid corn stover lignin
Steam exploded spruce lianin

Phenolic aldehydes
Phenolic acids
Mixed phenolics
Quinone
Di-carboxylic acids

Sodium acetate;
H2O;
Buffer (pH=3-5)

Methyltioxorhenium
(MTO)

t-Butanol;
acetic acid

H2O2

r.t.

atm

0.2

Vandium complexes
VO(acac)2'DABCO
(dipic)V5•(Q)(O;Pr)

[Bmim]PFs;
DMSQ-d5;
Pyridine-ds

02
Air
Peracetic acid

80 -100

atm

3 -8

Phenolic aldehydes
Phenolic acids
Phenolic ketones

[212217]

88%

[195,
221,
222]

94%

[194,
218220]

2.3.3
2.3.3.1

Modification or Cleavage of Lignin Side-chains via Oxidation
Organocatalysts

A common target concerning the oxidative modification of the lignin side-chain is
the oxidation of the Cα -OH group within the β-O-4 linkage to the corresponding ketone.217–219, 224–226 By doing so, the Cβ -O bond energy has been shown to decrease by 87
kJ·mol−1 .227 While many organocatalysts showed great potential to induce oxidation, very
few of these reactions have been investigated in detail for biorefinery lignin conversion.
Stahl and co-workers showed almost complete conversion of Cα -OH to the corresponding
ketone using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), which is also perhaps the
most well known example of oxidation using organocatalysts with the intention of lignin
oxidation (Figure 2.12).228 The mechanism of TEMPO oxidation on the lignin was tested
by using β-O-4 lignin linkage model compounds.
A series of oxidants such as including HNO3 , CH3 COOH, and NaOCl were tested for
the conversion of primary and secondary alcohols to aldehydes, ketones, or carboxylic
acids under mild conditions. Of these combinations, the TEMPO/HNO3 /HCl catalytic system was the most effective in the oxidation of β-O-4 linkage compounds. As shown in Figure 2.12A, electron(s) from the oxidant are transferred through NO/NO2 redox coupling,
while TEMPO acts as a mediator and couples with the alcohol, leading to the oxidation
of the alcohol to its corresponding aldehyde/ketone, and thus regenerating TEMPO. Oxidation of isolated Aspen lignin using the TEMPO catalyst system also showed successful
oxidation of Cα -OH within the β-O-4 linkage via 2D HSQC NMR. While benzylic alcohol
group oxidation using TEMPO was rather effective, and additional process such as alkaline
treatment is required to cleave the linkage (Figure 2.12C). Almost complete conversion to
phenolic ketones and aldehydes was observed in the product mixture using a β-O-4 linkage model dimer, although there has been no success in monomer production from the
application of the TEMPO system to macromolecular lignin.
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Figure 2.12: TEMPO-catalyzed lignin oxidation and depolymerization. Reprinted with permission
from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added Chemicals
to Support Sustainable Biofuel Production, ChemSusChem vol. 8. pp. 24-51. John Wiley and Sons,
c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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2.3.3.2

Metalloporphyrins

Metalloporphyrins have been investigated to mimic lignin peroxidases for lignin depolymerization, with most of the earlier work performed on dimeric lignin compounds for
evaluation of oxidation-depolymerization efficiency.229–231 These metalloporphyrin catalysts can form highly oxidized metallo-oxo complexes upon reaction with the oxidant (Figure 2.13B). The metalloporphyrin structure can be modified by several means, allowing for
catalyst modification with varying degrees of solubility, resistance to oxidative degradation, and catalytic potential. The chemical properties and activity of the metalloporphyrin
also depend on the functional groups located at R and R1 . Phenyl groups are typically
introduced at the R (meso) positions in order to protect the porphyrin structure from rapid
degradation during oxidation, as well as prevent the formation of catalytic inactive µ -oxo
dimer complexes. The incorporation of halogens or ionic compounds generally improves
the solubility of these metalloporphyrins, which promotes their application towards catalysis in the aqueous phase. Metalloporphyrin complex can be activated by an oxygen donating species (e.g. H2 O2 , t BuOOH, NaOCl, etc).
Oxidation of phenols to aldehydes and ketones can be achieved at ambient reaction temperatures.224, 230, 232, 233 Metalloporphyrins typically react with the lignin molecule through
an electron-transfer mechanism, beginning with the activated metallo-oxo complex abstracting an electron from the aryl group of the substrate, which forms a cation intermediate, and concomitantly reduces the metallo-oxo complex. Two competing pathways lead
to either side-chain oxidation (Figure 2.13C) or aromatic ring oxidation (Figure 2.13D). If
the reduction potential of the catalyst is sufficiently high, the reduced metallo-oxo complex
is more likely to remain in the solvent cage and attack the radical site on the aryl group,
resulting in loss of aromaticity and the formation of quinone and dicarboxylic acid compounds. The other route suggests that the complex diffuses into the solution, which leads to
side-chain oxidations, forming phenolic aldehydes and ketones. Thus, decreasing the number of electrophilic groups on the porphyrin ligand tends to facilitate aromatic monomer
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formation.234

Figure 2.13: Lignin oxidation depolymerization using metalloporphyrins. Reprinted with permission from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added
Chemicals to Support Sustainable Biofuel Production, ChemSusChem vol. 8. pp. 24-51. John
Wiley and Sons, c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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2.3.3.3

Metallosalen Complexes

Dating back to 1938, Tsumaki reported a study on the reversible binding of O2 with a
Co2+ (salen) complex (a.k.a. salcomine),235 which eventually led to intensive research on
these cobalt–salen complexes with the aim of identifying new oxidation catalysts for oxygen transportation and storage. A break-through study 30 years later discovered the ability
of Co(salen) to form catalytically active oxo-complexes in the presence of O2 .236 Co(salen)
catalysts can form both monomeric Co(salen)-superoxo complexes, or dimeric Co(salen)peroxo complexes bridged by a peroxo species (Figure 2.14A). Mono-nuclear superoxo
complexes are generally formed in high-polarity solvents and at low temperature with
high oxygen partial pressure, whereas the use of non-polar solvents at high temperature
and low oxygen partial pressure facilitates the formation of a bi-nuclear, peroxo-bridged
Co(salen) complex.225 The mechanism of Co(salen)-mediated oxidation of phenolic compound shown in the series of reactions below in Figure 2.14B.237

Figure 2.14: Oxidation mechanism of Co(salen) complex using O2 as oxidant. Reprinted with
permission from R. Ma, Y. Xu, X. Zhang, Catalytic Oxidation of Biorefinery Lignin to Value-added
Chemicals to Support Sustainable Biofuel Production, ChemSusChem vol. 8. pp. 24-51. John
Wiley and Sons, c 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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Dioxygen and the phenolic hydroxyl group first coordinate to the Co(salen) catalyst
through electron transfer, which forms either a mono-nuclear or bi-nuclear Co(salen)superoxo complex intermediate (B1). The intermediate then coordinates to a new phenolic
unit, which abstracts a proton from the phenol, forming a phenoxy radical while simultaneously reducing the oxo-species to a peroxo-species (B2). It should be noted that this
proton abstraction process is mostly impacted by the nature of the functional group of the
phenol substrate, where electron-donating functional groups can improve the radical formation rate by stabilization through inductive effects. Following the abstraction step, the
phenolic unit is deprotonated to give a phenoxy-phenate cobalt radical and a free hydrogen
peroxide molecule (B3). The phenoxy radical most likely dissociates from the complex
and is subsequently attacked by either O2 or the Co-superoxo complex to yield aldehyde
(B4),225, 238, 239 or quinone240, 241 products. Aldehyde and quinone products are typically not
stable in the presence of hydrogen peroxide and a metal catalyst, and in this case may react
further and degrade to dicarboxylic acids or even smaller fragments.
Studies utilizing metallosalen complexes for oxidative lignin depolymerization studies
have only been performed on lignin monomeric and dimeric model compounds, with up to
70% aromatic product yield and up to 83% quinone product yield achieved.240, 242 Based on
the results of these studies, metallosalen catalysts will most likely catalyze lignin oxidation
through the interaction with -OH groups located on the lignin side chains. Depending on
the reaction conditions and catalyst modification, products obtained from lignin oxidation
using metallosalen complexes may result in loss of aromaticity, which decreases the value
of products. In addition, since it is conceivable that quinone products may undergo ring
cleavage to produce smaller non-cyclic fragments, the choice of the metallosalen complex
catalyst and reaction conditions will have to be made carefully based on the profile of the
desired products.
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2.3.3.4

Metal-Organic Frameworks

Metal–organic f rameworks (MOFs) are another group of catalysts that can oxidize
lignin. MOFs differ from simple transition metal ions and (mixed) metal oxides, in that
the reactivity and pore structure of the MOF catalyst can be tailored by changing the organic ligand to perform specific catalytic functions. In addition, its highly porous structure can provide a larger accessible catalytic surface.243–246 MOFs are neither as robust
nor as porous as zeolites, however, their structure can be easily tailored by changing the
organic ligand. Kustov and co-workers reported the use of a 5% Pt on [Zn4 O(BDC)3 ]
MOF (BDC=benzene-1,4-dicarboxylate) to catalyze the oxidation of vanillyl alcohol to
vanillin.247 Similar reactions were performed by Sun et al. using Au nanoparticles as active sites deposited on MIL-101 MOF to catalyze the conversion of primary and secondary
benzylic alcohols to aldehydes and ketones, respectively.248
Zakzeski et al. investigated the oxidative potential of a cobalt-based MOF with an imidazolate ligand (Co-ZIF-9).249 In this study, veratryl alcohol and vanillyl alchohol were
oxidized in toluene at 150 ◦ C under 0.5 MPa O2 , yielding their respective aldehydes after 4
h. Unlike metallosalen complexes, the oxidation terminates at the aldehyde formation step
without further ring oxidation/cleavage to form quinones or acids.
The use of MOF as catalyst for oxidation of monomeric lignin compounds showed a
significant increase in product yield and selectivity compared to some of the other methods
mentioned. Nontheless, limited research using MOFs towards lignin depolymerization has
been conducted, and industrial application of MOFs for lignin valorization seem unlikely
based on the currently limited information available.63 However, emerging interest in using these materials as catalyst supports in the petroleum industry may provide leverage for
identifying new MOFs that target lignin conversion.
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Table 2.8: Results of literature oxidative lignin depolymerization methods targeting side-chains.

[225,
238242]

[229233]

[243249]

62

[228]

2.3.3.5

Supported Gold Nanoparticles

Despite the fact that use of gold nanoparticles (Au NPs) has not been explicitly aimed
at lignin oxidation and depolymerization, studies presented in the remaining chapters of
this thesis show that solid base supported Au NPs can function as an effective heterogenous catalyst in terms of oxidative lignin depolymerization. Haruta250, 251 and Hutchings
252, 253

prognosticated gold to be an extraordinary good catalyst based on results obtained

using gold for low-temperature oxidation of CO,250 and hydrochlorination of ethyne to
vinyl chloride,254 both being heterogeneous reactions. Gold is very selective with respect
to over-oxidation of the alcohol, especially in the case of primary alcohols which can form
carboxylic acids, which makes it an attractive catalyst towards lignin oxidation and depolymerization.
In many studies involving gold-catalyzed oxidation, an inorganic base (typically NaOH
or Na2 CO3 ) is required in order to facilitate the formation of the alkoxide intermediate. The
use of a basic support can obviate the need for these external alkaline additions. Of these
supports, layered double hydroxides (LDHs) (also termed hydrotalcites) show remarkable activity, when functionalized with gold, in the oxidation of primary and secondary
alcohols to the respective carbonyl compounds. This makes for an ideal catalyst system
for lignin depolymerization due to the high abundance of these functional groups in the
macromolecule.
Over the past decade, a plethora of studies were conducted using LDH supported Au
NPs for oxidation of benzylic alcohols (Table 2.9).255–260 It should be noted that for most
Au/LDH catalyzed oxidation studies, molecular oxygen is used as the terminal oxidant,
which not only contributes to a greener catalyst system, but also allows for the system
to be suitable to large-scale applications. Notably, the selectivity and conversion of benzylic alcohols presented in these studies were significantly higher than those described in
the previous sections. Motivated by these results, the work presented in this thesis aimed
at developing an effective Au/LDH system for benzylic alcohol oxidation, with the goal
63

of applying the catalyst towards oxidative lignin depolymerization. Detailed discussion
of attributes that affect the oxidation ability of Au/LDH systems are further discussed in
Chapter 3.
Table 2.9: Oxidation of benzyl alcohol to benzaldehyde using various LDH supported Au NPs.
Reproduced from ref. 254 with permission from The Royal Society of Chemistry

2.4

Conclusion
Lignin’s functionalized phenolic nature renders it an attractive renewable feedstock for

future chemical production. Most fractionation methods that target lignin depolymerization can be categorized into either “late stage catalytic conversion” or “early stage catalytic
conversion”, and in either case, cleavage of the β-O-4 ether linkage is the common focal
point. For catalytic lignin conversion at the late stage, the holocellulose is first removed
and the lignin is isolated as a solid residue or precipitate, the catalyst/reaction conditions
being applied with the aim of cleaving the residual C-O ether linkages that have survived
the lignin isolation process. A main advantage of late stage lignin conversion is the fact
that modern day analytical methods such as 2D HSQC NMR and gel-permeation chromatography can provide details such as the estimated concentration of the main types of
lignin linkages and the molecular weight distribution of these isolated lignins. Not only
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can these analyses provide insight into lignin depolymerization strategy development, they
can also be used to evaluate the effectiveness of the depolymerization method by revealing differences such as the appearance/disappearance of certain functional group peaks,
or the molecular weight distribution pre- and post-reaction. However, the effectiveness of
isolated lignin conversion is limited by the lignin isolation process, which can generate
refractory C-C bonds. As a result, many catalyst systems require high reaction temperature
and pressure, and reported monomer yields to date are generally lower compared to early
stage catalytic lignin conversion.
Compared to reductive lignin depolymerization, oxidative lignin depolymerization
studies in most cases are performed using lignin model compounds. Those methods reported in literature so far that applied catalysts on actual lignin to evaluate the effectiveness
of oxidative depolymerization, all fall under the ”late stage catalytic conversion” category.
Overall, yield and selectivity are lower for oxidative depolymerization compared to reductive depolymerization, and this is mainly a result of potential formation of radical intermediates, which can facilitate repolymerization of intermediates, or loss of aromaticity.
However, oxidative lignin depolymerization will remain a priority in lignin valorization
research. As an example, vanillin was once a major product supplied from lignin obtained
from sulfite pulping (up to 60% of the world market in 1981), however, due to environmental concerns, which led to a decrease in the use of sulfite pulping, a large fraction of
vanillin used today is produced from fossil fuel.261 Vanillin only comprises a small fraction of oxygenated aromatics, and with the diminishing supply of fossil fuel, a renewable
source for production of oxygen-rich aromatic products will be in dire need in the future.
Reductive catalytic f ractionation (RCF) of lignin, an example of “early catalytic conversion of lignin”, utilizes whole biomass as substrate. The main advantage in doing so lies
in the fact that linkages of interest within the lignin polymer are preserved, and reactive intermediates generated during the solvolytic lignin extraction process can be chemically
quenched, thus drastically decreasing the formation of recalcitrant C-C bonds. Reactions
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are generally performed at milder temperature and pressure, with overall higher monomer
yields obtained compared to the late stage approach. Moreover, in RCF the carbohydrate
components are preserved as a (holo)cellulose pulp, and can be further upgraded to cellulosic ethanol, rendering it a viable strategy for an integrated biorefinery.
Unambiguous assessment of the merits of any lignin depolymerization approach is hard
to realize given that biomass sources can show significant structural variation even within
the same species. Consequently, we would like to encourage the development of “standard”
lignocellulose biomass sources. While this is no doubt a difficult task, it is pivotal in the
accurate assessment of lignin and lignocellulosic biomass fractionation methods. Nonetheless, with continuous improvements made to existing lignin valorization methods, as well
as the development of novel approaches, the commercial implementation of depolymerization processes for lignin valorization is surely not far away.

Copyright c Yang (Vanessa) Song, 2019.
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Chapter 3 Catalytic Oxidation of Benzylic Alcohols Over Layered Double Hydroxide
Supported Gold Metal Nanoparticles (Au/LDHs)
Note-A portion of this chapter is taken from:
Song, Y., Mobley, J. K., Motagamwala, A. H., Isaacs, M., Dumesic, J. A., Ralph, J. Lee,
A. F., Wilson, K., and Crocker, M. Gold-catalyzed conversion of lignin to low molecular
weight aromatics Chem. Sci., 2018, 9, 8127-8133.
Disclaimer: The work presented in this chapter is the result of collaboration with Mark
Isaacs (HawellXPS and University College London, UK), Adam Lee (RMIT, AU), and
Karen Wilson (RMIT, AU) during their residence at the European Bioenergy Research
Institute in Birmingham, UK. Mark Isaacs, a post-doctoral research assistant under Lee
and Wilson was responsible for XPS operation training, and TEM data collection. The rest
of the work was perfomed by the author.

3.1

Introduction
Although much effort has been invested in hydrogenolytic approaches to lignin de-

polymerization, the chemistry can be non-selective;1 moreover, most phenolics produced
via reductive pathways would face competition from the low cost phenolics produced
from petroleum.23 Compared to hydrogenolytic methods, catalytic oxidative lignin depolymerization is desirable as the products exhibit increased functionalization and complexity,23, 223, 262 otherwise not readily available from petroleum resources.173 Many recent
studies utilize homogenous catalytic systems for oxidative lignin depolymerization, and
while promising results have been achieved for lignin model compounds, many systems
suffer from a lack of selectivity,1, 263 catalyst decomposition,223 and the requirement for
harsh reaction conditions.128 In addition, problems inherent in the recycling of homogeneous catalysts make the industrial application of these systems difficult. Heterogeneous
catalyst systems are generally better suited for industrial applications,264 and recent reports
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have shown moderate to high yields in heterogeneously catalyzed oxidation of lignin model
compounds and mono-aromatic substrates,167, 265–269 albeit with few successful examples of
lignin depolymerization having been reported. Aside from catalyst type, the oxidant is another key factor in oxidative lignin depolymerization processes, molecular oxygen being
favored as the terminal oxidant for any large scale oxidative conversion process.228, 265
Over the past 20 years, Au nanoparticles (Au NPs) supported on metal oxide and
layered double hydroxide (LDH) supports (Au/TiO2 , Au/CeO2 , Au/Mg-Al LDH, Au/NiAl LDH, etc.) have been shown to selectively catalyze aerobic oxidations of alcohols to
the corresponding carbonyl compounds.255, 260, 270–272 LDHs have been known for over 150
years since the discovery of the mineral hydrotalcite.267 The basic features of the LDH
structure are based on those of brucite, [Mg(OH)2 ], with a structure of CdI2 type and is
commonly associated with polarizable anions and small polarizing cations.50 The brucite
structure is composed of the MII ions approximately octahedrally surrounded by six − OH
ions. A three-dimensional structure is formed by these octahedral units sharing edges,
forming infinite sheets with hydroxide layers located perpendicularly to the layer plane,
which are held together by van der Waals forces and hydrogen bonding.255 The LDH struc-

Figure 3.1: Representation of LDH structure

ture (Figure 3.1) differs to that of brucite in that MII ions are partially replaced by cations
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with higher charge but smaller ionic radii (e.g., Cr3+ , Al3+ , resulting in the metal hydroxide
sheets being positively charged. Charge is thus compensated by anions located in the interlayer galleries, where water is also present. The general formula to describe the chemical
composition of such compounds is:
[MII 1−x MIII x (OH)2 ]An−
x/n ·mH2 O
The most well-known example is the aforementioned mineral hydrotalcite, the chemical
formula being [Mg0.75 Al0.25 (OH)2 ]·(CO3 )0.125 ·0.5H2 O.273, 274 A huge variety of LDHs may
be formed by varying the identities and relative proportions of the di- and trivalent cations;
moreover, the range of materials possible is even larger than the suggested general formula,
for example, in some cases the monovalent lithium ion can be incorporated, exemplified by
[LiAl2 (OH)6 ]+[An− ]1/n ·mH2 O.275
Techniques used for the preparation of LDHs include but are not limited to coprecipitation, ion-exchange methods, hydrothermal synthesis, rehydration using structural
memory effects, and pre-pillaring methods.276 Of these, the most common preparative
technique is the method of co-precipitation, which has been used extensively with a variety of cations and interlayer anions. All LDHs used for this work were prepared via this
co-precipitation method due to the fact that it is amenable to scale up to produce large
quantities of the LDH material. Aqueous solutions of the MII or MI , and MIII species containing the anion desired to be incorporated into the LDH are used as precursors. In the
co-precipitation method, the LDHs are formed via simultaneous precipitation of two or
more cations. It is therefore necessary to carry out the synthesis in a state of super saturation, which involves ensuring the reaction is carried out at a higher pH than that required
for most soluble hydroxides to be precipitated.277
For the purposes of cleaving the signature β-O-4 linkages in lignin, our our goal was
to asses the catalytic effectiveness of three different LDH supported Au NPs heterogenous
catalysts (Au/Mg-Al LDH, Au/Ni-Al LDH, and Au/Li-Al LDH) for benzylic alcohol oxidation. Specifically, the goal was to developed a LDH supported Au NPs catalyst that can
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selectively oxidize the alcohol group located at the Cα -OH in a simple benzylic alcohol.
The most effective catalyst, in this case Au/Li-Al LDH, was further tested on β-O-4 lignin
linkage model dimers for the oxidation of the alcohol functional group to a carbonyl group,
this being a pre-requisite for oxidative cleavage of the β-O-4 unit.

3.2

Experimental Information

3.2.1

Materials and Methods

Commercially available reagents were used as received. 4’-Methoxyacetophenone,
malonic acid, NaBH4 , and vanillin were purchased from Acros Organics. 2-Bromo4’-methoxyacetophenone, 3’-methoxyacetophenone, 3’,4’-dimethoxyacetophenone, 4’methylacetophenone, 4’-bromoacetophenone, benzaldehyde, chloroform-d, diphenyl ether,
N,O-bis(trimethylsilyl)trif luoroacetamide (BSTFA), n-dodecane, KBH4 , LiOH·H2 O,
methane sulfonic anhydride, and NH4 OH (28-30.0 wt.%) were purchased from Alfa Aesar. Al2 (CO3 )3 was purchased from Amresco Chemical. All organic solvents, formaldehyde (37 wt.%), and hydrochloric acid (36.5-38.0 wt.%) were purchased from BDH VWR
Chemicals. 4-Hydroxy-3-methoxy-α-methylbenzyl alcohol and p-anisaldehyde were purchased from Chem Implex International. K2 CO3 and pyridine were purchased from Fisher
Scientific. 4-Methyoxyphenyl methyl carbinol was purchased from Oakwood Chemical. 1Phenylethanol, acetophenone, benzophenone, benzyl alcohol, guiacol, HAuCl4 (99.9999%
trace metal basis), oxalyl chloride, p-toluenesulfonyl chloride, triethylamine, and vanillic
acid were purchased from Sigma Aldrich. p-Anisic acid, and cyclopropyl phenyl ketone
were purchased from TCI America.
Flash chromatography purification of lignin model compounds was carried out using
SiliaFlash R P60 (Silicycle, particle size 40-63 µm, 230-400 mesh), employing a gravity
eluted column equipped with a PTFE stopcock and a coarse (40-60 µm) glass fritted disc.
Gas chromatography-mass spectrometry (GC-MS) was performed using an Agilent
7890 GC with a tandem Agilent 5975C MS detector. The column used in the GC was a
70

DB-1701 (60 m x 0.25 mm x 0.25 µm or 15 m x 0.25 mm x 0.25 µm as appropriate). Helium was used as carrier gas with the flow rate set to 1 mL/min for the 60 m column and 0.5
mL/min for the 15 m column. The inlet temperature for the 60 m column was maintained
at 300 ◦ C, with a method set to 45 ◦ C for 3 min, ramp to 280 ◦ C at 4 ◦ C/min, and hold
for 10 min. The inlet temperature for the 15 m column was maintained at 280 ◦ C with a
temperature ramp of 60 ◦ C to 80 ◦ C at 2 ◦ C/min, then to 110 ◦ C at 3 ◦ C/min, followed
by a 20 ◦ C/min ramp to 190 ◦ C, and finally at 2 ◦ C/min reaching 230 ◦ C. All analyses
were quantified using a single point GC-MS internal standard method by obtaining internal
response factors of all starting materials and products using n-dodecane as standard. All
aliquots of β-O-4 lignin model dimers, lignin monomers, lignin oxidation products, and
respective calibration samples were derivatized using BSTFA prior to GC-MS analysis.
Brunauer-Emmett-Teller (BET) surface area and pore volume measurements were conducted via nitrogen physisorption at -196 ◦ C using a Micromeritics Tri-Star 3000 system.
Catalyst samples were outgassed overnight at 160 ◦ C under vacuum prior to measurements.
Pulsed CO2 chemisorption was performed on a Micromeritics AutoChem II analyzer
using ∼120 mg of sample. The catalyst sample was first outgassed and dried at 120 ◦ C
under argon for 4 h and was then cooled to room temperature under flowing Ar. The sample was then pulsed with CO2 (100%) at 50 ◦ C until saturated as indicated by a thermal
conductivity detector (TCD). CO2 was assumed to titrate base sites on a 1:1 molar ratio.
Elemental compositions were determined at the European Bioenergy Research Institute
(EBRI) (Aston University, Birmingham, UK) by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Thermo Scientific iCAP 7200 analyzer) after digestion
of the samples in 1 mL HNO3 (Romil SPA grade 70%), 3 mL HCl (Romil SPA grade 37
%) and 1 mL deionized water followed by aqueous dilution.
Powder X-ray diffraction (XRD) measurements were performed on a Phillips X’Pert
diffractomer using Cu Kα radiation (λ=1.5406 Å) and a step size of 0.02◦ .
Transmission Electron Microscopy (TEM) studies were conducted at the University
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of Birmingham (Birmingham, UK) using a field emission JEOL 2010F operated at 200
kV equipped with a URP pole piece, GATAN 200 GIF, GATAN DigiScan II, Fischione
HAADF STEM detector, Oxford energy-dispersive X-ray detector and EmiSpec EsVision software. Samples were dispersed in methanol and deposited on 300-mesh carbonsupported copper grids purchased from Electron Microscopy Science and dried under ambient conditions. Particle sizes were analyzed using ImageJ (version 1.51m9) for Mac OS
X bundled with Java applet (version 1.8.0 101).
X-ray photoelectron spectroscopy (XPS) was also performed at EBRI on a Kratos AXIS
HSi spectrometer equipped with a charge neutralizer and non-monochromated Mg Ka excitation source (1253.6 eV), with energies referenced to adventitious carbon at 284.6 eV.
Note that while the assumption that the binding energy of adventitious carbon is a constant across all materials has been debunked,278, 279 it does provide a common reference for
calibrating binding energies within a family of electronically similar materials, as in the
present work for our series of non-metallic oxides. High resolution spectra were acquired
with a pass energy of 40 eV. Spectral fitting was performed using CasaXPS version 2.3.14,
utilizing a common Gaussian-Lorentzian line shape and FWHM for each element, and the
relevant instrument response factors for quantification.
3.2.2
3.2.2.1

Catalyst Preparation
Synthesis of Mg-Al LDH

Mg-Al (3:1) LDH was prepared according to a literature protocol.280 An aqueous solution of Mg(NO3 )2 ·6H2 O (77 g) and Al(NO3 )3 ·9H2 O (38 g) in 210 mL deionized water was
added dropwise at room temperature to 330 mL of an aqueous solution containing Na2 CO3
(Ricca Chemical) (30 g) and 50% aq. NaOH. This addition was carried out in a 1 L flask
equipped with a mechanical stirrer, a dropping funnel, and a thermometer. Vigorous stirring was maintained throughout the addition period, and the mixture was left to age under
continuous gentle stirring at 75◦ C overnight, thereby inducing crystallization of the amor72

phous precipitate. A series of centrifuging/decanting/washing was applied to the resulting
slurry until a the washings attained pH of 7. The solid was then dried at 60 ◦ C in a vacuum
oven for 24 hours.
3.2.2.2

Synthesis of Ni-Al LDH

Ni-Al (3:1) LDH was prepared according to a literature protocol.281 Ni(NO3 )2 ·6H2 O
(2.6 g) and Al(NO3 )3 ·9H2 O (1.1 g) were dissolved in deionized water (250 mL). The metal
solution was slowly added into an aqueous solution containing (NH4 )2 CO3 (0.57 g) followed by the addition of NH4 OH (0.67 g). Vigorous stirring was maintained throughout
the addition period, and the mixture was left to age under continuous gentle stirring at
75 ◦ C overnight. A series of centrifuging/decanting/washing was applied to the resulting
slurry until a pH of 7 was attained. The solid was then dried at 60 ◦ C in a vacuum oven for
24 hours.
3.2.2.3

Synthesis of Li-Al LDH

Li-Al (1:2) LDH was prepared according to a literature protocol.282 An aqueous solution of Al2 (CO3 )3 (400 mL, 0.5 M) was added dropwise to an aqueous solution of
LiOH·H2 O (50 mL, 4.8 M) at room temperature. The addition was continued until the
mixture attained a pH of 10 while maintaining vigorous stirring using an overhead stirrer. The mixture was left to age under continuous stirring at 75 ◦ C overnight. A series of
centrifuging/decanting/washing steps was applied to the resulting slurry until the washings
attained a pH of 7. The solid was then dried at 60 ◦ C in a vacuum oven for 24 h.
3.2.2.4

Synthesis of LDH supported Au nanoparticles

The synthesis of LDH-supported Au nanoparticle catalysts was adapted from a literature method.260 Previously synthesized LDH (3 g) was added to aqueous HAuCl4 (150 mL,
2x10−3 M). After stirring the mixture for 2 min, aqueous NH3 (10 wt.%, 2.9 M) was added
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dropwise until the slurry reached a pH of 9. The mixture was stirred at room temperature
for 12 h after which the resulting slurry was filtered, washed, and dried in vacuo at 30 ◦ C.
The resulting solid was chemically reduced in a stirred solution of KBH4 (0.2 mol, 1.0 g)
in THF:methanol (v/v=1:1, 10 mL) at room temperature for 1 h. A series of centrifuging/decanting/washing steps was applied to the resulting slurry using deionized water until
the pH of the washings was 7. The solid was dried at 40 ◦ C in a vacuum oven for 24 h to
produce LDH-supported Au0 NPs as a purple solid.
3.2.3
3.2.3.1

Lignin Model Compound Synthesis
General Synthetic Procedure for Simple Alcohols

Of the substrates used in Table 3.2, entries 4, 6, 7, 8, 9, 10, and 11 were prepared via
reduction of the corresponding ketones. The appropriate ketone (0.2 mmol) was dissolved
in THF:MeOH (v/v=1:1, 15 mL), and sodium borohydride (0.35 mmol) was added in
portions to the reaction mixture under stirring at 0 ◦ C. The mixture was left stirring
overnight at room temperature. The reaction mixture was concentrated in vacuo and
diluted with deionized water (20 mL). The mixture was extracted with dichloromethane
(2x15 mL). The combined organic extracts were dried over anhydrous MgSO4 and
concentrated in vacuo. Resulting products were analyzed by means of GC-MS. Yields
were in all cases > 95%.
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3.2.3.2

Synthesis of β-O-4 linkage lignin model compounds

Synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-ethanone (2d)
Compound 2d was prepared from guaiacol and 4’-methoxy-2-bromoacetophenone according to a literature procedure.283 2-Bromo-4’-methoxyacetophenone (22 g, 0.11 mol)
was added to a stirred solution of K2 CO3 (20 g, 0.14 mol) and guaiacol (16 g, 0.13 mol)
in acetone (100 mL). The reaction mixture was stirred at reflux temperature overnight.
The reaction mixture was then filtered, dried over anhydrous MgSO4 , and concentrated in
vacuo. The crude product was recrystallized from EtOAc/hexanes giving 2d. Yield: 28.5
g (96%).
1

H NMR (400 MHz, CDCl3 ) δ8.03-8.01 (dd, J= 8.8, 1.4 Hz, 2H), 6.97-6.84 (m, 6H), 5.29

(s, 2H), 3.89 (s, 3H), 3.88 (s, 3H).
13

C NMR (400 MHz, CDCl3 ) δ193.1, 163.9, 155.8, 149.7, 147.6, 130.5, 127.7, 122.3,

120.8, 114.7, 113.9, 112.1, 71.9, 55.9, 55.5.
Synthesis of 4-methoxy-α-[(2-methoxyphenoxy)methyl]-benzenemethanol (3a)
Compound 2d (5 g, 18 mmol) was dissolved in THF:MeOH (v/v=2:1, 50 mL), and
sodium borohydride (1.5 g, 39 mmol) was added in portions to the reaction mixture under
stirring at 0 ◦ C. The mixture was left to stir overnight at room temperature. The mixture
was then concentrated in vacuo, diluted with 50 mL deionized water, and extracted with
dichloromethane (3x30 mL). The combined organic extracts were dried over anhydrous
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MgSO4 and concentrated in vacuo. The crude product was recrystallized from ethanol to
afford the pure alcohol 3a. Yield: 4.7 g (93%).
1

H NMR (400 MHz, CDCl3 ) δ7.38-7.36 (dd, J= 8.7, 1.4 Hz, 2H), 6.93-6.81 (m, 6H),

5.05-5.03 (dd, J= 9.3, 2.5 Hz, 1H), 4.04-4.01 (dd, J= 7.1, 2.9 Hz, 1H), 3.97-3.92 (t, J= 9.8
Hz, 2H), 3.82 (s, 3H), 3.77 (s, 3H).
13

C NMR (400 MHz, CDCl3 ) δ162.9, 159.4, 150.1, 148.0, 132.0, 131.7, 127.6, 122.4,

121.1, 115.9, 113.9, 112.0, 71.9, 55.8, 55.3.
Synthesis of 3-hydroxy-2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-1-propanone
(2b)
Compound 2b was prepared according to a literature procedure.284 To a stirred suspension of K2 CO3 (2.8 g, 20 mmol) and previously synthesized compound 2d (5 g, 18 mmol)
in a 1:1 mixture of ethanol/acetone (100 mL) solution, aqueous formaldehyde solution (37
wt.%) (0.82 mL, 11 mmol) was added. The mixture was stirred overnight and concentrated
in vacuo to give a yellow oil. The crude product was subjected to column chromatography
on silica gel (DCM:ethyl acetate, v/v=6:1) to give a yellow-colored oil, which was crystallized from ethanol to give a pale yellow solid. Yield: 4.5 g (81%).
1

H NMR (400 MHz, CDCl3 ) δ8.08-8.05 (dd, J= 9.4, 2.0 Hz, 2H), 6.97-6.80 (m, 6H),

5.39-5.37 (t, J= 5.2 Hz, 1H), 4.06 -4.05 (d, J= 5.4 Hz, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 3.17
(s, 1H).
13

C NMR (400 MHz, CDCl3 ) δ199.9, 188.9, 162.9, 131.2, 127.9, 123.4, 121.2, 118.1,

113.9, 112.3, 84.5, 63.6, 55.8, 55.5.
Synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-1,3-propanediol (2a)
Compound 2b (1.5 g, 5 mmol) was dissolved in THF:MeOH (v/v=2:1, 30 mL), and
sodium borohydride (0.4 g, 10 mmol) was added in portions to the reaction mixture under
stirring at 0 ◦ C. The mixture was left to stir overnight at room temperature. The reaction
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mixture was concentrated in vacuo and diluted with 20 mL deionized water. The mixture
was extracted with dichloromethane (3x15 mL). The combined organic extracts were dried
over anhydrous MgSO4 and concentrated in vacuo. The crude product was subjected to
column chromatography on silica gel (DCM:ethyl acetate, v/v=4:1) to give a yellow oil.
Yield: 1.35 g (90%).
1

H NMR (400 MHz, CDCl3 ) δ7.36-7.24 (ddd, J= 13.5, 8.5, 1.7 Hz, 2H), 7.11-7.01 (m,

2H), 6.91-6.86 (m, 4H), 4.97 (s, 1H), 4.13 -4.01 (m, 1H), 3.88 (s, 3H), 3.77 (s, 3H), 3.5
(m, 1H).
13

C NMR (400 MHz, CDCl3 ) δ162.9, 151.7, 147.8, 147.1, 128.5, 127.5, 124.5, 121.8,

121.1, 114.1, 113.9, 112.3, 87.5, 72.6, 60.8, 56.0, 55.4.

Synthesis of [2-(2-methoxyphenoxy)-ethenyl]-4-methoxybenzene (3b)

A DCM (50 mL) solution of compound 3a (3.0 g, 0.011 mol) and Et3 N (6.2 mL, 0.048
mol) was stirred at room temperature for 10 minutes. The reaction mixture was cooled
to 0 ◦ C prior to the addition of methanesulfonic anhydride (4.0 g, 0.023 mol). The reaction mixture was stirred overnight and diluted with additional DCM (30 mL) followed by
washing with deionized water (2x50 mL). The organic layer was washed sequentially with
1 M HCl (2x20 mL) and saturated NaCl solution (20 mL), dried over anhydrous MgSO4 ,
and concentrated in vacuo. The crude product was purified via column chromatography
(hexane:ethyl acetate, v/v= 5:1) giving a yellow oil. Yield: 0.8 g (28%).
1

H NMR (400 MHz, CDCl3 ) δ7.68-7.66 (dd, J= 8.7, 2.0 Hz, 2H), 7.25-7.05 (m, 3H),

6.98-6.92 (m, 2H), 6.88-6.86 (dd, J= 8.8, 1.8 Hz, 1H), 6.47-6.45 (d, J= 6.80 Hz, 1H), 5.5677

5.54 (d, J= 6.80 Hz, 1H), 3.89 (s, 3H), 3.80 (s, 3H).
13

C NMR (400 MHz, CDCl3 ) δ162.9, 158.2, 150.2, 146.8, 142.9, 141.3, 129.9, 127.9,

126.8, 123.9, 120.9, 117.7, 113.7, 112.8, 109.6, 56.2, 55.2.
HRMS (EI) calculated for C16 H17 O3 [M+H]+ 257.3030, found 257.1172.
Synthesis of 1-(4-methoxyphenyl)-2-(2-methoxyphenoxy)-2-propen-1-one (2c)

Compound 2c was prepared according to the literature.285 A DCM (30 mL) solution
of previously synthesized compound 2b (1.5 g, 5 mmol) and Et3 N (2.0 mL, 14 mmol) was
stirred at 30 ◦ C for 10 minutes prior to the addition of p-toluenesulfonyl chloride (1.43
g, 7.5 mmol). The mixture was stirred overnight, diluted with additional DCM (20 mL),
washed with deionized water (2x20 mL), dried over anhydrous MgSO4 , and concentrated
in vacuo. The crude product was purified via column chromatography (DCM:ethyl acetate,
v/v= 1:1) giving a yellow oil. Yield: 0.89 g (78%).
1

H NMR (400 MHz, CDCl3 ) δ8.31-8.29 (dd, J= 8.5, 2.7 Hz, 2H), 8.11-8.03 (m 2H), 7.96-

7.93 (dd, 8.2, 2.2 Hz, 1H), 7.56-7.54 (dd, J= 8.3, 2.2 Hz, 2H), 6.96-6.87(m, 2H), 5.19-5.18
(d, J= 2.20 Hz, 1H), 4.72-4.71 (d, J= 2.13 Hz, 1H), 3.90 (s, 3H), 3.85 (s, 3H).
13

C NMR (400 MHz, CDCl3 ) δ169.3, 163.1, 162.6, 151.3, 151.1, 142.9, 132.9, 132.4,

122.3, 113.7, 113.2, 112.2, 101.8, 55.5, 55.1.
HRMS (EI) calculated for C17 H17 O6 [M+H]+ 285.1162, found 285.1122.
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Synthesis of (2-methoxyphenyl)-4-methoxybenzoate (2g)

p-Anisic acid (4.9 g, 0.032 mol) was slowly added to a stirred solution of oxalyl chloride (4.35 g, 0.035 mol) in DCM (100 mL). The reaction mixture was left stirring overnight
at room temperature. The mixture was concentrated in vacuo to give a pale yellow colored
oil. DCM (50 mL) was added to redissolve the mixture to which guaiacol (4.003 g, 32
mmol) was added. The solution was left stirring for 4 h at room temperature. The reaction mixture was washed with deionized water (2x20 mL) and the organic extract was
dried over anhydrous MgSO4 and concentrated in vacuo to give a clear colored oil. The
crude product was recrystallized from ethanol giving a white crystalline solid. Yield: 7.45
g (90%). Spectral data are consistent with those reported in the literature.286
1

H NMR (400 MHz, CDCl3 ) δ8.2-8.16 (dd, J= 8.8, 1.8 Hz, 2H), 7.25-7.20 (t, J= 6.5 Hz,

1H), 7.15-7.13 (dd, J= 6.6, 1.6 Hz, 1H), 7.02-6.96 (m, 4H), 3.88 (s, 1H), 3.81 (s, 1H).
13

C NMR (400 MHz, CDCl3 ) δ164.5, 163.8, 163.0, 151.5, 140.1, 132.4, 132.1, 126.8,

123.1, 121.8, 120.8, 113.8, 112.5, 55.9, 55.5.
3.2.4

General Oxidation Procedures

General procedure for aerobic oxidation of simple alcohols
Oxidation of alcohols (Table 3.2 ) was conducted in a 25 mL 3-neck round-bottom
flask, employing alcohol (1 mmol), Au/Li-Al LDH (50 mg), and dodecane (1 mmol) in 10
mL of diphenyl ether under flowing O2 (10 mL· min−1 ) at appropriate temperatures and 500
rpm stirring (sufficient to eliminate mass transport effects).
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General procedure for aerobic oxidation of lignin model compounds
Oxidation of lignin model compounds (2a-2d, 3a, and 3b) was conducted in a 100
mL 3-neck round-bottom flask using a Radleys Starfish reactor, employing the substrate
(1 mmol), Au/Li-Al LDH (100 mg), and dodecane (1 mmol) in 10 mL of diphenylether
under flowing O2 (10 mL· min−1 ) at 120 ◦ C and 500 rpm stirring. Aliquots were taken
periodically and analyzed by means of GC-MS using dodecane as internal standard.
Procedure for Au/Li-Al LDH reusability study
Catalyst reusability tests were conducted using model compound 3a, employing conditions previously described. After appropriate reaction times, Au/Li-Al LDH was recovered
from the reaction mixture via filtration using a PTFE membrane (0.2 µm). The recovered
catalyst was washed with excess THF and dried in vacuo for 24 h prior to reuse. Before performing the fourth recycle experiment for 16 h (Table 3.7), the filtered catalyst was stirred
in deionized H2 O for 1 h, isolated via centrifugation, washed with excess THF: pentane
(v/v = 1:1) and dried in vacuo for 4 h.

3.3

Catalyst Screening

3.3.1

Oxidation of Simple Benzylic Alcohols

Our initial studies focused on the oxidation of 1-phenylethanol (Tables 3.1) using Au
supported on three different LDHs. Encouragingly, we found that by employing a strongly
basic Li-Al (1:2) LDH 282 as support, the activity for benzylic alcohol oxidation increased
significantly compared to less basic Au/LDH catalysts. When toluene was used as solvent for comparison with literature data, Au/Li-Al LDH exhibited the highest turnover
frequency (TOF) compared to other supported Au NP catalyst systems that effectively oxidize 1-phenylethanol such as Au/Mg-Al LDH (3,213 h−1 ),281 Au/Ni-Al LDH (5,310 −1 ),257
and Au/Al2 O3 (825 h−1 ).270
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Table 3.1: Oxidation of 1-phenylethanol to acetophenone using Au/LDHs[a]

Catalyst
Time (h)
Au/Mg-Al LDH
1
Au/Ni-Al LDH
1
Au/Li-Al LDH
1

Conv.(%)[b]
75
34
98

Sel.(%)[b]
>99
>99
>99

TOF(h−1 )[c]
5,926
1,317
11,061 (29,708) [d]

[a] 1-phenylethanol (1 mmol), Au/Li-Al LDH (0.1 g, 1 wt.% Au), diphenyl ether (10 mL), 80
◦ C, p = 1 atm. O (10 mL·min−1 ). [b] Conversion and selectivity were determined by GC-MS
2
using dodecane as internal standard. [c] TOF values are based on the number of surface Au atoms
calculated for the mean Au particle size found via TEM analysis (Figure 3.6).287, 288 [d] TOF in
parentheses was determined using toluene as solvent. Note: a control experiment conducted without
catalyst showed no conversion.

Comparing results obtained from the three catalysts with different LDH supports,
Au/Li-Al LDH showed highest activity in the oxidation of 1-phenylethanol. At this point,
the focus of this work shifted towards the study of Au/Li-Al LDH and its ability to oxidize
benzylic alcohols, with the ultimate goal of lignin depolymerization. Table 3.2 displays the
results of the oxidation of different simple benzylic alcohols using Au/Li-Al LDH under
the same reaction conditions as used for the oxidation of 1-phenylethanol. The reaction rate
increases as the benzylic alcohol bears a methoxy functional group that is strongly electron donating in the electronically favorable para-position. When replacing the α-methyl
group with an electron-rich phenyl group, a similar increase in reaction rate is observed.
It should also be noted that when the α-methyl group is replaced with a highly strained
cyclopropyl group (Entry 6), the oxidation process selectively forms the ketone product as
opposed to the alternative alkene product, which would have been a result of ring-opening
of the cyclopropyl functional group. This shows that the oxidation mechanism proceeds
via a two-electron rather than one-electron radical process. Compared to radical pathways,
a two-electron oxidation mechanism preserves desirable aromaticity in most products, and
prevents repolymerization of intermediates that generate oligomers via irreversible bond
formation.63, 289, 290
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Table 3.2: Aerobic oxidation of simple benzylic alcohols using Au/Li-Al LDH[a]

Temp. (◦ C)

Time (h)

Conver.(%)

1

80

4

80

78

2

80

2

98

98

3

80

0.5

>99

>99

4

80

2

67

>99

5

80

4

80

>99

6[b]

100

2

>99

>99

7

80

0.5

>99

>99

8

80

4

>99

>99

9

80

2

72

>99

10

80

4

50

50

11

80

2

99

>99

Entry

Substrate

Product

Selct.(%)

[a] Substrate (1 mmol), Au/Li-Al LDH (50 mg, 1 wt.% Au), diphenyl ether (DPE, 10 mL), 80
◦ C, p = 1 atm. O (10 mL·min−1 ). Conversion and selectivity were determined by GC-MS using
2
dodecane as internal standard. [b] As [a] but 100 ◦ C reaction temperature.

3.3.2
3.3.2.1

Catalyst Characterization and Discussion
Powder X-ray diffraction (XRD) Characterization of Supports

The X-ray diffractograms for Li-Al LDH, Mg-Al LDH, and Ni-Al LDH are presented
below in Figure 3.2. The hkl labeling was obtained from Sissoko et al.291 for Li-Al LDH,
Wang et al.292 for Ni-Al LDH, and Evans et al.293 for Mg-Al LDH. The three XRD
patterns are very similar to each other with the exception of a diffraction feature around
2θ=20.30◦ (marked with ∗) in Li-Al LDH. This diffraction feature was also observed by
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Figure 3.2: Powder X-ray diffractograms of: (a) Li-Al LDH, (b) Mg-Al LDH, and (c) Li-Al LDH

Serna et. al.294 According to Evans and Slade,

293

the position of the (110) line reflects

the distance between the two metal cations and the position of the (101) line reflects the
stacking patterns of the layers. The (110) position should remain constant for LDHs with
the same cation species while the (101) position can change with different interlayer anion
species and water content within the LDH structure. Serna et al.294 have indexed it as
(101) assuming a hexagonal unit cell. However, Sissokoet al.291 discovered that the peak
labeled with ∗ is essentially independent of the spacing between basal planes by observing
very little change in d spacing value for the (110) plane when varying the species of the
2−
3− 295
intercalated anion (CO2−
for different Li-Al LDHs and exposure
3 , SO4 , and Fe(CN)6 )

to a moist atmosphere. Thus, they indexed peak ∗ as (110).
3.3.2.2

X-ray Photoelectron Spectroscopy (XPS)

According to CO2 pulse chemisorption measurements, the basic site concentration follows the order Mg-Al LDH (44.8 µmol·gcat −1 ) < Ni-Al LDH (80.5 µmol·gcat −1 ) < Li-Al
LDH (102.7 µmol·gcat −1 ), i.e., the Li-Al LDH is the most basic of the three LDHs tested.
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XPS analysis was undertaken to further understand the electronic properties of the Au/MgAl LDH catalysts. For comparison purposes, a non-LDH (γ-alumina) supported Au NPs
catalyst was also analyzed (Figure 3.3). Au/γ-Al2 O3 , Au/Mg-Al LDH, Au/Ni-Al LDH,
and Au/Li-Al LDH catalysts exhibit the Au 4f7/2 binding energy (BE) at 84.57 eV, 83.09
eV, 82.93 eV, and 82.84 eV, respectively; these values are all lower than the BE of 84.7 eV
for bulk gold, according to Wang et. al.257 The lower BE of the supported Au NPs indicates that the Au NPs are negatively charged,227, 296 consistent with electron transfer from
the support to the NPs. Comparing the three prepared catalysts, Au/Mg-Al LDH, Au/Ni-Al
LDH, and Au/Li-Al LDH, the Au 4f7/2 BE exhibits a 1.48 eV, 0.16 eV, and 0.09 eV downshift from Au/γ-Al2 O3 . According to Tsukuda, Xiao,256, 297 and co-workers, this indicates
increased interaction between Au NPs and the support and thus it can be concluded that the
electron density transferred from LDH to Au NPs increases in the order Au/Mg-Al LDH
< Au/Ni-Al LDH < Au/Li-Al LDH.
3.3.2.3

Scanning Electron Microscopy (SEM)

Shumaker et. al.282 described three Li-Al LDH synthesis pathways. The preparation
route has a significant influence on the morphology of the Li-Al LDH obtained, which in
this case should correspond to a structure consisting of platelets. This type of structure can
indeed be observed by SEM (Figure 3.4). The platelet-like LDH structure is desirable as
this should provide a higher surface area and pore volume compared to the dense packing
morphology afforded by the other preparation method.
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Figure 3.3: High resolution XP spectra of Au/γ-Alumina, Au/Mg-Al LDH, Au/Ni-Al LDH, and
Au/Li-Al LDH. Labeled peaks represent the Au 4f7/2 region

3.3.2.4

Transmission Electron Microscopy (TEM)

TEM images were taken to study the particle size of the Au NPs (Figure 3.5). These
images show that Au particles are highly dispersed on the Li-Al LDH support with the median. Particle size distribution diagrams for the image on the left shows a mean nanoparticle
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Figure 3.4: Scanning electron micrograph of parent Li-Al LDH showing characteristic sand rose
morphology

diameter of 1.6 ± 0.5 nm, and 2.0 ± 0.5 nm for the image on the right. This particle size
of Au NPs is highly desirable due to the fact that optimum catalyst activity was observed
by Fang et. al.250, 253 with Au particle size of < 4 nm. According to Valden et. al.,298 a
metal-to-nonmetal electronic transition occurs as the particle size is decreased below 3.5
nm due to quantum size effect of the Au NPs. As the Au NPs get smaller in size, the metal
exhibits increased atomic properties (as compared to bulk properties), as a consequence of
which the Au NPs develop discrete energy levels. Consequently, the small Au NPs with
higher dispersion provides more coordinatively unsaturated sites and accept electrons from
the basic Li-Al LDH support. Given the high cost of gold, its ability to achieve optimal
catalytic activity at low loadings is also very attractive.
Furthermore, high magnification TEM image (Figure 3.6) shows Au with (111) lattice
fringes (0.229 nm) and the Li-Al LDH with (016) lattice fringes (0.234 nm). Notably, these
two lattice fringes are nearly parallel to each other. According to Wang et. al.,257 this indicates possible epitaxial growth of Au NPs on the LDH support favoring small gold particle
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Figure 3.5: TEM images of Au/Li-Al LDH catalyst showing nanosheets and Au nanoparticle size
range

Figure 3.6: TEM image of Au/Li-Al LDH showing near-parallel lattice planes of Li-Al LDH and
Au nanoparticle, indicating epitaxial growth of Au nanoparticle

size and strong interaction between Au and Li-Al LDH upon gold particle diffusion on the
LDH surface.
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3.4

Proposed Catalytic Mechanism
Figure 3.7 represents a proposed mechanism for benzylic alcohol oxidation over the

Au/Li-Al LDH catalyst. The difficulty of activating O2 represents one of the rate limiting

Figure 3.7: Proposed mechanism for aerobic oxidation of benzylic alcohols over Au/Li-Al LDH

factors in oxidation catalysis.299 Our proposed mechanism suggests that catalysis occurs
at the Au-O-Li interface, and through electron donation from the Au 5d orbital to the
antibonding orbita (2π∗ ) of molecular oxygen. It is contended that Au NPs adsorbed on
the surface of a basic support contain coordinatively unsaturated Au atoms, which allows
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for adsorption of O2 on to the negatively charged Au sites. The O2 forms a Brønsted
basic Au-superoxo species. The described molecular activation step was also suggested
in the literature based on experimental and theoretical studies.300–304 Upon completion of
the molecular oxygen activation, the alcohol moiety is adsorbed onto the catalyst surface
most likely through deprotonation by the support, however Nishimura et al. also suggest
the alcohol is adsorbed on Au sites via dissociation.259 In the latter case, the basicity of
the LDH support promotes this process by abstracting the proton from the alcohol species,
which involves [LDH-H]+ formation.
The third step reagrded as being rate determining involves the deprotonation of the
Cα -H by the electron rich Au-peroxo species, producing a Au-hydroperoxide species and
forming the corresponding carbonyl compound. This step is considered to be a β-hydrogen
elimination step. Finally, H2 O is eliminated with the introduction of a new O2 species,
which removes the hydroperoxide species from the Au surface , thereby, completing the
catalytic cycle.
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3.5

Lignin Model Dimer Oxidation

3.5.1

Oxidation Products and Rates

Figure 3.8: Aerobic oxidation of lignin model dimer 2a using Au/Li-Al LDH.

The properties of Au/Li-Al LDH in aerobic oxidation were further evaluated using a
lignin model dimer, 2a, containing the β-O-4 interunit linkage (Figure 3.8). In addition,
each intermediate observed during the oxidative depolymerization of 2a was also individually tested to determine the origin of the proceeding intermediate/product (Figures 3.9,
3.10), as well as determine the reaction rate (detailed product yields from each experiment
presented in Table 3.3, 3.4). Our catalyst system showed selective oxidation of the sec90

ondary benzylic alcohol in 2a with a reaction rate of 10.8 mmol· h−1 gcat −1 , achieving a
37% yield of 2b in 5 h with 68% conversion of 2a (near complete conversion of 2a was
seen after 24 h).

Figure 3.9: Aerobic oxidation of lignin model dimer 2b using Au/Li-Al LDH.
Table 3.3: Results of aerobic oxidation of lignin model dimer 2b using Au/Li-Al LDH.

Substrate

Conversion (%)

Time (h)

2b

85

48

Product
2c
2d
2e
2f
2g

Selectivity (%)
13
30
25
26
7

Yield (%)
11
25
21
22
6

Under these conditions 2b reacted further to give the dehydration product 2c (rate =
3.6 mmol·h−1 gcat −1 ) and the retro-aldol product 2d (rate = 36 mmol·h−1 gcat −1 ). The high
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reaction rate of the retro-aldol product formation may be attributed to the basic property
of the Li-Al support, such reactions having been reported in the literature.305, 306 While 2c
was not observed to react further (Figure 3.9), 2d reached a maximum yield of 40% after
24 h, in turn producing guaiacol (2e) and p-anisic acid (2f) at a rate of 10.8 mmol·h−1 gcat −1
(Figure 3.10). The formation of products 2e and 2f via cleavage of the β-O-4 bond in 2d
using molecular oxygen has also been observed in various literature reports.307, 308

Figure 3.10: Aerobic oxidation of lignin model dimer 2d using Au/Li-Al LDH.
Table 3.4: Results of aerobic oxidation of lignin model dimer 2d using Au/Li-Al LDH.

Substrate

Conversion (%)

Time (h)

2d

99

48

Product
2e
2f
2g

Selectivity (%)
39
37
22

Yield (%)
39
37
22

Liu et al.307 and Tsang et al.308 (Figure 3.11) oxidized aromatic ketones using copper
catalysts, which can activate oxgygen and form a Cu-superoxo species that behaves sim92

ilary to the proposed Au-superoxo species generated by Au-activated O2 .309 Both groups
suggested two routes for C-C cleavage: an anionic path, and a homolytic O-O scission path.
Since the oxidation maechanism for Au/Li-Al LDH is most likely a two-electron process,
it is unlikely that 2e and 2f are formed via the homolytic O-O scission path, as this mechanism requires the formation of a radical intermediate. On other hand, the anionic path is a
likely mechanism as the process can be enhanced by employing a base (in our case Li-Al
LDH), while simultaneously avoidning the formation of a radical intermediate.

Figure 3.11: Potential mechanism for C-C cleavage catalyzed by activation of O2 . Reproduced
with permission from A. Tsang, A. Kapat, and F. Schoenebeck. Factors That Control C-C
Cleavage versus C-H Bond Hydroxylation in Copper-Catalyzed Oxidations of Ketones with O2 , J.
Am. Chem. Soc., 2016,vol. 138, pp. 518-16, c 2016 American Chemical Society.

Indeed, the propensity of the oxidized (ketone) form of β-O-4 model compounds to
undergo oxidative cleavage to monomers has been attributed to the significantly weaker CO bond present in the ketone form compared to the initial benzylic alcohol compound.227
In a subsequent esterification reaction, 2e and 2f reacted to form 2g with a rate of 5.4
mmol·h−1 gcat −1 . A similar rate of product formation was observed when only the Li-Al
LDH support was used, consistent with base-catalyzed esterification. Although esterifica93

tion is an undesirable side-reaction, the ester linkage in 2g can be cleaved by means of
simple hydrolysis, which, when translated to lignin, would result in net cleavage of the
β-aryl ether linkage.
3.5.2

Catalyst Reusability

Figure 3.12: Aerobic oxidation of lignin model dimer 3a using Au/Li-Al LDH.

Table 3.5: Results of aerobic oxidation of lignin model dimer 3a using Au/Li-Al LDH.

Substrate

Conversion (%)

Time (h)

3a

96

48

Product
3b
2d
2e
2f
2g

Selectivity (%)
11
1
38
35
11

Yield (%)
11
1
36
34
11

In order to examine the reusability of Au/Li-Al LDH under these reaction conditions,
recycle reactions were carried out using a slightly simpler model compound, 3a (Tables
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3.6 and 3.7), and the results are compared to those presented in Figure 3.11 and Table
3.5. After three runs, the conversion of 3a measured at 4 h showed no change (∼58%).
However, for recycle experiments performed at longer reaction times (16 h), a gradual
decrease in the yields of 2e and 2f, formed from 2d, was apparent. Yields of 2e, 2f, and 2g
were largely restored after the spent catalyst was washed with water at room temperature
(4th run in Table 3.7), consistent with the removal of adsorbed 2e and 2f (identified in
the water washings). This indicates that over time 2e and 2f accumulate on the catalyst
Table 3.6: Catalyst reusability study using model compound 3a after 4 h

Substrate

Conversion (%)

First Run

58

Second Run

60

Third Run

57

3a

Product
3b
2d
2e
2f
2g
3b
2d
2e
2f
2g
3b
2d
2e
2f
2g

Selectivity (%)
0
92
5
2
0
0
92
3
3
0
0
90
2
2
0

Yield (%)
0
53
3
1
0
0
55
2
2
0
0
54
1
1
0

surface, as would be expected for acidic compounds, slowing the further conversion of
2d. Leaching of the catalytically active species into the reaction medium is an underlying
concern for heterogeneously catalyzed lignin depolymerization, as observed by Bolm and
coworkers.265 In the present work, when Au/Li-Al LDH was removed via hot filtration
after 2 h of oxidation of 2a, no further conversion was observed after an additional 10 h
reaction time. Consistent with these findings, concentrations of Au, Li, and Al in solution
were determined to be < 0.1 ppm by ICP-OES.
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Table 3.7: Catalyst reusability study using model compound 3a after 16 h

Substrate

Conversion (%)

First Run

98

Second Run

97

Third Run

95

Fourth Run

97

3a

96

Product
3b
2d
2e
2f
2g
3b
2d
2e
2f
2g
3b
2d
2e
2f
2g
3b
2d
2e
2f
2g

Selectivity (%)
3
20
32
33
4
4
50
19
20
1
4
79
6
4
0
2
53
20
21
2

Yield (%)
3
20
31
32
4
4
48
18
19
1
4
75
6
4
0
2
52
19
20
2

3.6

Conclusion
From a green chemistry perspective, the development of a method for the oxidation of

benzylic alcohols with molecular oxygen over a heterogeneous catalyst has great practical and theoretical significance. Based on the simple benzylic alcohol oxidation results,
Au/Li-Al LDH showed excellent activity and selectivity in the oxidation of benzylic alcohols using molecular oxygen as the terminal oxidant. XPS has shown that electronically,
the Au NPs exhibit a stronger interaction with the Li-Al LDH compared to when Mg-Al
LDH and Ni-Al LDH were used as the support. This results in more electron donation
from the Li-Al LDH support to the Au NPs, thereby rendering the Au particles electronrich. Based on TEM data, Au/Li-Al LDH contains Au NPs with a median size of ∼2-3
nm, which according to the literature falls in the size range in which Au NPs show the
highest activity for oxidation reactions. As evidenced by model β-O-4 linkage dimer oxidation results, our catalytic system was able to oxidatively cleave the linkage after selective
benzylic alcohol oxidation, ultimately forming an ester moiety that can be depolymerized
via simple hydrolysis. Based on these promising results, the viability of the Au/Li-Al
LDH system towards valuable monomer production was evaluated by its effectiveness in
depolymerization of actual lignin.

Copyright c Yang (Vanessa) Song, 2019.
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Chapter 4 Gold-Catalyzed Conversion of Lignin to Low Molecular Weight
Aromatics
Note-A portion of this chapter is taken from:
Song, Y., Mobley, J. K., Motagamwala, A. H., Isaacs, M., Dumesic, J. A., Ralph, J. Lee,
A. F., Wilson, K., and Crocker, M. Gold-catalyzed conversion of lignin to low molecular
weight aromatics Chem. Sci., 2018, 9, 8127-8133.
Disclaimer: The work provided in this chapter is the result of collaboration with
Justin Mobley (University of Kentucky), Ali Motagamwala (University of WisconsinMadison), Jim Dumesic (University of Wisconsin-Madison), and John Ralph (University
of Wisconsin-Madison). Ali Motagamwala, a PhD graduate research student under the direction of Jim Dumesic was responsible for the extraction of GVL lignin; Justin Mobley, a
post-doctoral research student under the direction of John Ralph at the time was responsible
for 2D HSQC NMR spectra collection and analysis. The rest of the work was performed
by the author.

Kraft Lignin Extraction and γ-Valerolactone Lignin Extraction

4.1
4.1.1

Kraft pulping process

Kraft pulping remains to date the dominant pulping process of lignocellulosic biomass,
producing ∼90% of lignin generated worldwide.310 Initially, wood is processed in an
aqueous solution employing a considerable amount of sodium hydroxide and sodium
sulfide, creating a so-called “white liquor”, which is then treated under conditions that
involve very high pH and temperature (423-453 K). During the alkaline treatment, the
presence of HS− ions primarily target the biomass by enhancing the delignification process
and lignin depolymerization, leaving the carbohydrate constituents mostly intact.311 The
lignin is solubilized by cleavage of the inter-unit linkage within the biopolymer.312 This
process increases the phenolic hydroxy group concentration in the lignin structure, which
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can undergo ionization at the pH level at which the kraft pulping process is operated,
ultimately leading to a solubilized lignin in the spent processing liquor, also termed “black
liquor”.1
Most of the black liquor is incinerated in order to recuperate energy used in the
pulping process, which is a rather poor valorization of the aromatic nature of lignin.
However, the solubilized lignin can be recovered from the black liquor via precipitation
by acidification.62, 313 Nonetheless, the recovered lignin, termed “kraft lignin” is highly
degraded, condensed, and contains relatively low amounts of β-O-4 linkages,7, 30 Thus,
the kraft lignin process typically struggles as a source of lignin for biorefinery operation.24
This is unfortunate, given that kraft lignin is produced in huge quantities world-wide
(estimated at ∼50 million tons/year).
Due to the large quantity of kraft lignin being produced globally, extensive research
was conducted using Indulin AT kraft lignin from pine in the work which is presented in
the remaining chapters of this thesis. Three studies were performed using kraft lignin:
(i) oxidative depolymerization of kraft lignin and γ-valerolactone extracted lignin were
performed using Au/Li-Al LDH, (ii) monomer yields obtained from kraft lignin oxidized
using Au/Li-Al LDH were studied as a function of time, (iii) a comparative study was
undertaken of different literature methods for oxidative lignin depolymerization using
kraft lignin and γ-valerolactone extracted lignin.

4.1.2

Lignin Extraction using γ-Valerolactone

The use of γ-valerolactone (GVL) for biomass upgrading was first investigated by
Dumesic and co-workers to convert cellulosic fraction of lignocellulose to levulinic acid
(LA). The GVL treatment method indeed gave LA and furfural in excellent yields from
the cellulosic component of corn stover, in addition, a solubilized lignin fraction was also
recovered during this process.314 With further investigation/modification of the GVL treat-
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ment process, about 74% of the original lignin present in corn stover was recovered (determined by Klason lignin content).105
While both the kraft pulping process and GVL treatment can efficiently separate lignin
from its carbohydrate substituents, accoding to 2D HSQC NMR spectroscopy, GVL exctraction performed on cornstover produced a lignin with the most β-ether units remaining
intact.98 Similar results were obtained for the case of maple wood (Figure 4.1). Given that
the GVL extraction process is effective in preserving β-ether units, it can be postulated
that testing our Au/Li-Al LDH catalyst on GVL extracted lignin should provide results that
better represent those expected for native lignins as compared to kraft lignin.
Thus, our focus shifted to the use of these process lignins, namely, Indulin AT
kraft lignin (softwood, from pine) and γ-valerolactone extracted lignin from maple wood
(hereafter referred to as KL and GVL, respectively), as substrate. Reaction conditions
similar to those used in the lignin model compound experiments were applied, albeit
dimethylf ormamide (DMF) was used as solvent instead of DPE due to the higher solubility of lignin in DMF.

4.2

Experimental Information

4.2.1
4.2.1.1

Materials and Methods
Gas chromatography-mass spectrometry (GC-MS)

Gas chromatography-mass spectrometry (GC-MS) was performed using an Agilent
7890 GC with a tandem Agilent 5975C MS detector. The column used in the GC was a DB1701 (60 m x 0.25 mm x 0.25 µm or 15 m x 0.25 mm x 0.25 µm as appropriate). Helium
was used as carrier gas with the flow rate set to 1 mL/min for the 60 m column and 0.5
mL/min for the 15 m column. The inlet temperature for the 60 m column was maintained
at 300 ◦ C, with a method set to 45 ◦ C for 3 min, ramp to 280 ◦ C at 4 ◦ C/min, and hold
for 10 min. The inlet temperature for the 15 m column was maintained at 280 ◦ C with a

100

temperature ramp of 60 ◦ C to 80 ◦ C at 2 ◦ C/min, then to 110 ◦ C at 3 ◦ C/min, followed
by a 20 ◦ C/min ramp to 190 ◦ C, and finally at 2 ◦ C/min reaching 230 ◦ C. All analyses
were quantified using a single point GC-MS internal standard method by obtaining internal
response factors of all starting materials and products using n-dodecane as standard. All
aliquots of β-O-4 lignin model dimers, lignin monomers, lignin oxidation products, and
respective calibration samples were derivatized using BSTFA prior to GC-MS analysis.
4.2.1.2

Heteronuclear Single-Quantum Coherence (HSQC) NMR

Heteronuclear Single-Quantum Coherence (HSQC) NMR spectra were acquired as
described previously315, 316 at the DOE Great Lakes Bioenergy Research Center (University of Wisconsin, Madison, WI, USA) on a Bruker Biospin (Billerica, MA) Avance 700
MHz spectrometer equipped with a 5-mm quadruple-resonance 1 H/31 P/13 C/15 N QCI gradient cryoprobe with inverse geometry (proton coils closest to the sample). Lignin samples
were placed directly in NMR tubes (22 mg for each sample) and dissolved using DMSOd6 /pyridine-d5 ‘100%’ (4:1 v/v, 0.5 mL). The central DMSO solvent peak was used as an
internal reference (δC39.5 ppm, δH 2.5 ppm). The 1 H–13 C correlation experiment was
an adiabatic HSQC experiment (Bruker standard pulse sequence ‘hsqcetgpsisp2.2’; phasesensitive gradient-edited 2D HSQC using adiabatic pulses for inversion and refocusing).317
Experiments were carried out using the following parameters: acquired from 11.5 to -0.5
ppm in F2 (1 H) with 3366 data points (acquisition time 200 ms), 215 to -5 ppm in F1 (13 C)
with 620 increments (F1 acquisition time 8 ms) of 128 scans with a 1 s interscan delay; the
d24 delay was set to 0.86 ms (1/8J, J = 145 Hz). The total acquisition time for a sample
was 6 h. In all cases, processing used typical matched Gaussian apodization (GB = 0.001,
LB = -0.1) in F2 and squared cosine-bell and one level of linear prediction (32 coefficients)
in F2. Volume integration of contours in HSQC plots used Bruker’s TopSpin 4.0.5 (Mac
version) software.
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4.2.1.3

Gel permeation chromatography (GPC)

Gel-permeation chromatrogarphy (GPC) analysis was carried out on an Agilent 1260
Infinity Quaternary LC system equipped with a G1311A Quaternary pump, G1329B Autosampler, G1364C Fraction Collector, G1316A Column Compartment, G1315C DiodeArray Detector (DAD). Samples were analyzed using SUPREMA analytical linear S 10µm
(50 x 8 mm) and SUPREMA analytical linear S 10µm (300 x 8 mm) GPC columns (Polymer Standards Services) connected in series, and eluted using inhibitor free THF/DMSO
(v/v=1:1, 0.4 mL/min) with a column oven temperature of 25 ◦ C.
4.2.2

General procedure for aerobic oxidation of lignin

The oxidation of lignins was conducted in a 100 mL 3-neck round-bottom flask using a Radleys Starfish reactor, employing lignin sample (500 mg), Au/Li-Al LDH (200
mg), and dimethylformamide (10 mL) under flowing O2 (10 mL·min−1 ) at 120 ◦ C and
500 rpm stirring for 24 h. The resulting mixture was filtered and washed with additional
dimethylformamide (15 mL) and concentrated in vacuo. The samples were further dried in
a vacuum oven at 50 ◦ C for 46 h affording dark brown solids. Yield: kraft lignin 415 mg
(83%), GVL lignin 453 mg (91%).
∗ Control experiments follow the procedure above excluding the use of Au/Li-Al LDH catalyst.
† Kraft lignin oxidation product rate experiments follow the procedure above with different
reaction times.
4.2.3

General procedure for hydrolysis of lignin

A mixture consisting of oxidized lignin (50 mg) and 0.1 M NaOH (5 mL) was stirred
at room temperature for 30 min. The mixture was then acidified to pH 2 by the addition of
1 M HCl and stirred for an additional 30 min. Upon completion, the mixture was extracted
with EtOAc (3 x 15 mL). The organic extracts were combined, washed with sat. NaHCO3
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followed by brine, dried over MgSO4 , and concentrated in vacuo. Yield: kraft lignin, 10
mg (20%); GVL lignin, 28 mg (56%).

4.3

Results and Discussion

4.3.1

2D HSQC NMR of KL and GVL Pre- and Post-Oxidation

Figure 4.1 shows 2D HSQC NMR spectra comparing KL and GVL before and after
oxidation with O2 in the presence of Au/Li-Al LDH (oxidized KL and GVL are abbreviated as KLOX and GVLOX , respectively).
Analysis of the oxygenated aliphatic region of GVLOX and KLOX revealed the absence
of signals corresponding to β-aryl ether (A) and phenylcoumaran (B) units, albeit compared to KLOX , some resinol (C) remains in GVLOX . It is hypothesized that as for the βaryl ether model dimer 2a, the β-aryl ether units in lignin may have gone through a similar
oxidation-cleavage-re-coupling process forming the ester moiety, which has no sidechain
C-H signals to observe via 2D HSQC NMR. Moreover, cross peaks correlating to the guaiacyl (G) units are no longer present in the HSQC spectrum after oxidation of KL and GVL
(KLOX and GVLOX ), and vanillate (VA) analogs are the only remaining signals for both.
Additionally, the HSQC spectrum of GVLOX displayed a significant decrease in syringyl
(S) and an increase in oxidized syringyl units (S0 ). Signals corresponding to β-β linkage
were not observed in either lignin, while signals for β-5 linkages are also absent for KLOX ,
a small amount remained for GVLOX . The fate of these linkages under the Au/Li-Al LDH
oxidation is unclear, however, they are more likely to undergo oxidation and hydrogenation
instead of linkage cleavage reactions, resulting in aromatization of the five-membered ring.
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Figure 4.1: 2D HSQC NMR spectra of KL, KLOX , GVL, and GVLDDQ . All samples were dissolved in 4:1 DMSO-d6 /pyridine-d5 ; contours are
color-coded to the structures responsible; percentages are determined from volume integrals based on αC–H with the exception of A0 which uses the
βC–H signal. The assignment of peaks is based on known lignin spectra and available model compound data. Note: volume integrals are considered
qualitative due to differences in T2 relaxations and JC–H coupling constants.

4.3.2

Quantification of Lignin Monomer Production from KLOX and GVLOX

The oxidized lignin samples were next subjected to hydrolysis with NaOH (0.1 M),
after which the mixture was neutralized with HCl (1 M) and the soluble material was
extracted with ethyl acetate (EtOAc). KLOX yielded 20 wt.% of EtOAc soluble material
after hydrolysis (Figure.4.2A), which is double the amount obtained from the initial
oxidized lignin sample. Notably, GVLOX after hydrolysis afforded 56 wt.% EtOAc soluble
material, versus 20 wt.% without the additional hydrolysis step (Figure.4.2A). The low
percentage of soluble organic products formed from KLOX is not surprising given that the

Figure 4.2: (A) Percent organic soluble fraction obtained from KLOX and GVLOX pre- and
post-hydrolysis. Oxidized lignin samples (50 mg) were dissolved in 0.1 M NaOH (5 mL),
followed by addition of 1 M HCl until pH 2 was reached, and were then extracted with EtOAc. (B)
Yields of monomer products from KLOX and (C) GVLOX after hydrolysis. Corresponding yields
for control experiments (conducted without catalyst) are shown in Table 4.1

kraft pulping process is known to produce a recalcitrant lignin that is C-C cross-linked, and
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hence difficult to depolymerize.16 However, the results obtained with GVLOX are significant given that GVL more closely resembles the structure of native lignin than does KL.105
Gel permeation chromatography (GPC) revealed two peaks for both KLOX and GVLOX
after hydrolysis (Figures 4.3 and 4.4).

The first peak in both chromatograms represent

Figure 4.3: Gel-Permeation chromatograms of KL and KLOX post-hydrolysis

Figure 4.4: Gel-Permeation chromatograms of GVL and GVLOX post-hydrolysis

fractions containing high molecular weight oligomers, and the second peak corresponds
to low molecular weight components. The high molecular weight region shows a ∼3500
Da decrease in molecular weight for KLOX post-hydrolysis while a decrease of ∼1000
Da was observed for GVLOX post-hydrolysis. The low molecular weight range shows
monomer production for both lignins, however, a significantly higher signal intensity was
obtained from GVLOX post-hydrolysis compared to KLOX post-hydrolysis, consistent with
the results previously mentioned in Figure 4.2A.
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Compound identification and quantification via GC-MS revealed that S- and G-derived
carboxylic acids and aldehydes are the most prominent products (Figure 4.2B, 4.2C, 4.5).
The yield of GC-MS identifiable monomers from GVL totaled 40 wt.%, whereas a 10
wt.% yield of GC-MS identifiable monomers was obtained from KL. Among the identified

Figure 4.5: Total ion chromatograph of EtOAc soluble products obtained from KLOX and GVLOX
post-hydrolysis

monomers, vanillin, vanillic acid, ferulic acid, and coniferyl alcohol were present from
both lignins. In the absence of the catalyst, much lower yields were observed for both
lignins pre- and post-oxidation (Table 4.1) nonetheless, the highest monomer yield (11.1
wt.%) were obtained from GVL lignin, likely due to the higher abundance of β-ether linkages in the lignin, which may undergo cleavage via hydrolysis.
Yields of monomers, except for vanillin, were found to be higher from GVLOX than
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from KLOX post-Au/Li-Al LDH oxidation. S-derived products were only obtained from
GVL, as the KL used in this work was derived from pine, which consists of almost exclusively G units, a small amount of H units, and no S units.30 Notably, the monomers obtained, including vanillin, vanillic acid, and syringaldehyde, are of higher market value than
those typically derived from hydrogenative methods of lignin depolymerization.24 These
monomer yields are the highest reported to date for heterogeneously catalyzed oxidative
lignin depolymerizationand approach those reported for the most effective homogenous
catalysts.318, 319 Notably, the lignins employed in the latter case were either extracted enzymatically or via mild acidolysis, which preserves a high fraction of β-aryl ether linkages.318
The fact that we observe a 40 wt.% monomer yield from a lignin that is extracted via a
scalable method, utilizing a biomass-derived solvent, renders the Au/Li-Al LDH catalyst
system particularly promising.
Complete
results results
of identified
EtOAc
soluble
products
fromlignin
lignin
Table
4.1: Complete
of identified
EtOAc
soluble
products obtained
obtained from
oxidation
oxidation experiments
experiments, results are values from duplicate runs.
Vanillin

KLox
Catalyst
free
GVLox

KLox
With
Au/
Li-Al LDH

GVLox

Prehydrolysis
Posthydrolysis
Prehydrolysis
Posthydrolysis
Prehydrolysis
Posthydrolysis
Prehydrolysis
Posthydrolysis

Vanillic
acid

Conifery
l alcohol

Ferulic
acid

Acetovanillone

Syringaldehyde

Syringic
acid

Sinapic
acid

1.5%
1.2%

0.7%

1.5%
0.2%

0.2%

0.1%

1.8%
1.2%

Total

2.4%
1.9%

1.8%

2.9%

3.1%

2.3%

1.0%

3.4%

3.4 %

1.2%

1.1%

0.3%

3.8%

1.1%

2.1%

2.1%

2.8%

7.8%

2.8%

7.8%

11.2%
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3.7%
2.1%

11.1%
3.3%

0.4%

9.5%
9.4%
5.0%

2.8%

40.2%

4.4

Kraft lignin product formation rate experiments
Due to the abundance of supply in the laboratory, KL was used to study the monomer

yields obtained post-oxidation and hydrolysis using Au/Li-Al LDH as a function of time
(Figure 4.6). Oxidative depolymerization of KL using Au/Li-Al LDH was performed with
reaction times ranging from 1 h to 48 h. Minimal fluctuations in products yields were observed during the first 4 h of reaction, however, after 8 h, yields for vanillin vanillic acid,
and coniferyl alcohol have all increased, and a small amount of acetovanillone was observed. After 12 h, maximum monomer yield was achieved. While the total monomer yield
is comparable to that presented in the previous section, the monomer profile differed mainly
in that a higher wt.% of vanillin, and a lower wt.% of vanillic acid was obtained from the
product mixture. In addition, the yield for vanillin decreased and the yield for vanillic acid
increased compared to results after 8 h, indicating possible oxidation of vanillin to vanillic
acid. Monomer yields after 24 h oxidation using Au/Li-Al LDH revealed similar results
compared to those in the previous section. The decrease in vanillic acid and ferulic acid
yield for reactions extended to 36 h and 48 h can be explained by the possible adsorption of
these monomers to the catalyst surface, which was observed during the catalyst reusability
studies performed in Chapter 3.
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Figure 4.6: Monomer yields obtained from KL oxidative depolymerization rate experiments. Total
wt.% monomer yield indicated above the graph.

110

4.5

Conclusion
In chapter 3, we showed that Au/Li-Al LDH is an effective catalyst at the oxidative

depolymerization of model β-O-4 linkage dimers, ultimately forming an ester moiety.
Similarly, NMR data obtained on oxidized kraft lignin (KLOX ) and GVL lignin (GVLOX )
showed the disappearance of benzylic alcohol groups, consistent with ester formation. After hydrolysis was performed on oxidized lignin samples in order to cleave the ester moieties that may reside in KLOX and GVLOX , a 40 wt.% yield of aromatic monomers was
obtained from GVLOX , while KLOX afforded 10 wt.% monomers. These monomer yields
are the highest reported for heterogeneously catalyzed oxidative lignin depolymerization.
Based on these results, Au/Li-Al LDH is identified as a promising catalyst system for lignin
valorization to value added low molecular weight aromatics.

Copyright c Yang (Vanessa) Song, 2019.
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Chapter 5 A Comparative Study of Secondary Depolymerization Methods on
Oxidized Lignins

Note-This chapter is taken from:
Song, Y., Motagamwala, A. H., Isaacs, M., Dumesic, J. A., Ralph, Mobley, J. K., and
Crocker, M. A Comparative Study of Secondary Depolymerization Methods on Oxidized
Lignins. Green Chemistry, Accepted June 27th 2019.

Disclaimer: The work provided in this chapter is the result of collaboration with Justin
Mobley (University of Kentucky), Ali Motagamwala (University of Wisconsin-Madison),
Jim Dumesic (University of Wisconsin-Madison), Steven Karlen (University of WisconsinMadison), and John Ralph (University of Wisconsin-Madison). Ali Motagamwala, a PhD
graduate reserach student under the direction of Jim Dumesic was responsible for the extraction of GVL lignin; Justin Mobley, NMR center director and adjunct faculty designed
the study and analyzed the 2D HSQC NMR data. Steven Karlen, a reserach scienctist under
the direction of John Ralph collected the 2D HSQC NMR. All lignin oxidation/secondary
depolymerization experiments, GC-MS analysis, GPC analysis, and data curation were
performed by the author.

5.1

Introduction
The finite supply of fossil fuels, coupled with growing environmental concerns sur-

rounding the CO2 emissions associated with their use, has resulted in extensive research
devoted to the development of renewable feedstocks for the production of fuels and chemicals. Lignin, a biopolymer that represents a major component of inedible biomass (∼30%
by weight and 40% by energy),10, 16 has received particular attention due to its abundance
of aromatic substructures and the fact that the valorization of lignin is directly correlated to
the cost of cellulosic ethanol production.17, 24, 48 As a result of radical-induced polymeriza112

Figure 5.1: Representation of a fragment of the lignin macromolecule showing selected linkages

tion of monolignols, lignin exhibits an amorphous and complex chemical structure, which
hinders efforts to develop effective methods for its conversion to valuable products. However, the presence of specific prominent units within the lignin chemical structure provides
a target for chemical deconstruction of this otherwise recalcitrant resource.1, 23 Of all the
repeating units within the lignin structure (Figure 5.1), the alkyl aryl ether unit (i.e., the
so-called β-aryl ether unit, with its characteristic β–O–4 ether linkage), which comprises
as much as 60% of all units in lignin, has received the most attention.16, 27
Most lignin depolymerization efforts have focused on either hydrogenolytic or oxidative approaches, with the latter being arguably more desirable as the products exhibit higher
complexity and functionalization.1, 23, 223 Of the oxidative depolymerization methods, the
most common approach is to oxidize the Cα -OH located within the β-ether units to the
corresponding carbonyl (Figure 5.2). This has the effect of decreasing the Cα –Cβ bond
energy by 86.8 kJ·mol−1 ,227 such that a variety of methods can be used to cleave this
bond.320, 321 In recent years, several research groups have reported approaches for lignin
depolymerization using extracted lignins or model oxidized β-ether dimers as the start113

Figure 5.2: Two step depolymerization of lignin

ing material. These methods include zinc-mediated depolymerization,322 f ormic acid (FA)
hydrolysis,318 H2 O2 /NaOH-mediated selective C–C bond cleavage (Dakin oxidation),228
Baeyer-Villiger oxidative depolymerization (BVO),323 and selective C–C bond cleavage
catalyzed by Cu(OAc)2 /1,10-phenanthroline (Cu/phen).321
We also recently introduced an effective heterogeneous catalyst system consisting of
Au nanoparticles supported on Li-Al layered double hydroxide (Au/Li-Al LDH), coupled
with hydrolysis, for oxidative lignin depolymerization18 using O2 as the terminal oxidant.
This system resulted in an unprecedented 40 wt% monomer yield when lignin from maple
extracted by γ-valerolactone (hereafter denoted as GVL) was used as the starting material.
Although all of the methods mentioned above show potential to oxidatively depolymerize lignin, it is difficult to accurately compare the effectiveness of each due to the wide array
of starting materials that have been employed; in some cases, only model dimers were used
in these studies, whereas in others different types of extracted lignin were investigated. In
the present work, we set out to compare the effectiveness of these oxidative lignin depolymerization methods by applying them to Indulin AT kraft lignin (KL) and GVL. Both of
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these lignins were first oxidized using a catalytic DDQ/t BuONO procedure that Westwood
and coworkers have shown is effective for oxidation of β-ether units.322 The results of
this experimental review provide a comparison of these secondary depolymerization procedures. The Li-Al LDH support, which is itself a basic heterogeneous catalyst,282 was
also tested in order to examine its ability to depolymerize lignin without the presence of
Au nanoparticles.

5.2

Experimental Information

5.2.1

Materials and Methods

Commercially available reagents were used as received. 2-ethoxyethanol, NH4 Cl,
1,2-dimethoxyethane, formic acid (85%), Cu(OAc)2 , tert-butyl nitrite (t BuONO) (90%),
and N,O-bis(trimethylsilyl)trif luoroacetamide (BSTFA) were purchased from Alfa Aesar.
H2 O2 and 1,10-phenanthroline were purchased from VWR. Methanol, tetrahydrofuran, and
ethyl acetate were purchased from BDH VWR Chemicals. 2,3-Dichloro-5,6-dicyano-1,4benzoquinone (DDQ) was obtained from Acros Organics. Sodium hydroxide was purchased from Ricca Chemical Company. N,N-dimethylf ormamide (DMF) was obtained
from Honeywell Research Chemicals. Zinc dust was purchased from Ward’s Science.
Sodium formate was purchased from Sigma-Aldrich.
5.2.1.1

Heteronuclear Single-Quantum Coherence (HSQC) NMR

Spectra were acquired as described previously18 at the DOE Great Lakes Bioenergy
Research Center (University of Wisconsin, Madison, WI, USA) on a Bruker Biospin (Billerica, MA) Avance 700 MHz spectrometer equipped with a 5-mm quadruple-resonance
1

H/31 P/13 C/15 N QCI gradient cryoprobe with inverse geometry (proton coils closest to the

sample). Lignin samples were placed directly in NMR tubes (22 mg for each sample)
and dissolved using DMSO-d6/pyridine-d5 ‘100%’ (4:1 v/v, 0.5 mL). The central DMSO
solvent peak was used as an internal reference (δ C 39.5 ppm, δ H 2.5 ppm). The 1 H–13 C cor115

relation experiment was an adiabatic HSQC experiment (Bruker standard pulse sequence
‘hsqcetgpsisp2.2’; phase-sensitive gradient-edited 2D HSQC using adiabatic pulses for inversion and refocusing). Experiments were carried out using the following parameters:
acquired from 11.5 to -0.5 ppm in F2 (1 H) with 3366 data points (acquisition time 200
ms), 215 to -5 ppm in F1 (13 C) with 620 increments (F1 acquisition time 8 ms) of 128
scans with a 1 s interscan delay; the d24 delay was set to 0.86 ms (1/8J, J = 145 Hz). The
total acquisition time for a sample was 6 h. In all cases, processing used typical matched
Gaussian apodization (GB = 0.001, LB = -0.1) in F2 and squared cosine-bell and one level
of linear prediction (32 coefficients) in F2. Volume integration of contours in HSQC plots
used Bruker’s TopSpin 4.0.5 (Mac version) software.
5.2.1.2

Gas chromatography-mass spectrometry (GC-MS)

Analyses were performed using an Agilent 7890 GC with a tandem Agilent 5975C MS
detector. The column used in the GC was a DB-1701 (60 m or 15 m x 0.25 mm x 0.25 µm).
Helium was used as carrier gas with the flow rate set to 1 mL·min-1 for the 60 m column
and 0.5 ·1 for the 15 m column. The inlet temperature was maintained at 280 ◦ C with a
temperature ramp of 60 ◦ C to 80 ◦ C at 2 ◦ C/min, then to 110 ◦ C at 3 ◦ C/min, followed by
a 20 ◦ C/min ramp to 190 ◦ C, and finally at 2 ◦ C/min reaching 230 ◦ C. All analyses were
quantified using authentic standards and a GC-MS internal standard method by obtaining
internal response factors of all starting materials and products using n-dodecane as the
internal standard.
5.2.1.3

Gel permeation chromatography (GPC)

Analyses was carried out on an Agilent 1260 Infinity Quaternary LC system equipped
with a G1311A Quaternary pump, G1329B Autosampler, G1364C Fraction Collector,
G1316A Column Compartment, G1315C Diode-Array Detector (DAD). Samples were analyzed using SUPREMA analytical linear S 10µm (50 x 8 mm) and SUPREMA analytical
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linear S 10µm (300 x 8 mm) GPC columns (Polymer Standards Services) connected in
series, and eluted using inhibitor free THF/DMSO (v/v=1:1, 0.4 mL/min) with a column
oven temperature of 25 ◦ C.
5.2.2

Selective β-O-4 Linkage oxidation

Previously characterized18 Indulin AT kraft lignin (KL, Ingevity formerly MeadWestvaco) from pine and γ-valerolactone-extracted lignin from maple (GVL) were first oxidized
using the method described by Lancefield et. al.322 To a solution of either KL (10 g) or
GVL (4 g) in 2-ethoxyethanol/1,2-dimethoxyethane (v/v=2:3, 14 mL/g) was added 1 wt%
DDQ followed by 1 wt% t BuONO. The reaction mixture was stirred at 80 ◦ C for 14 h under
an O2 atmosphere (balloon). Diethyl ether (500 mL for KL, 250 mL for GVL) was added
to the reaction mixture to precipitate the oxidized lignin, which was isolated by filtration
using a PTFE filter membrane, and then washed with additional diethyl ether (1 L for KL,
0.5 L for GVL) to remove residual organics. The filtered lignin was then mixed with a
saturated NaHCO3 solution (1 L for KL, 0.5 L for GVL), filtered, washed with deionized
water (2 L for KL, 1 L for GVL), and dried in vacuo at 40 ◦ C overnight. Oxidized KL and
GVL are abbreviated as KLDDQ and GVLDDQ . Yield: 9.95 g (99%) KLDDQ , 3.72 g (93%)
GVLDDQ . The oxidized lignins were characterized by 2D heteronuclear single-quantum
coherence (HSQC) NMR spectroscopy.
5.2.3

Zinc-mediated depolymerization

The method used was adapted from a literature procedure.322 To a solution of KLDDQ
or GVLDDQ (600 mg) in 2-ethoxyethanol (8.4 mL) was added deionized water (2.1 mL),
NH4 Cl (740 mg), and zinc dust (900 mg). The reaction mixture was stirred at 80 ◦ C for 1
h, after which the mixture was cooled and excess zinc was removed via filtration. To precipitate the lignin, the filtered mixture was added to deionized water (30 mL) and acidified
using 1 M HCl until pH of 1 was reached, after which the mixture was filtered. The filtered
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lignin was extracted with EtOAc (3 x 50 mL), and the combined organic extracts were
washed with saturated NaHCO3 solution, followed by brine, and then dried over MgSO4 ,
and concentrated in vacuo. Yield: 17 mg (3%) for KLDDQ , 30 mg (5%) for GVLDDQ .
5.2.4

Formic acid-induced depolymerization

The method used was adapted from a literature procedure.318 A 25 mL heavy-walled
pressure flask equipped with a thermowell was loaded with KLDDQ or GVLDDQ (150 mg),
aqueous formic acid (85 wt%, 25 mL), and sodium formate (107 mg). A PTFE screw cap
was used to seal the reaction vessel and the mixture was stirred at 110 ◦ C for 24 h. Formic
acid was then removed under vacuum, and the insoluble fraction was washed thoroughly
with diethyl ether, followed by water to remove sodium formate. The resulting mixture
was extracted with EtOAc (3 x 20 mL), and the organic soluble fractions were combined,
dried over MgSO4 , and concentrated under vacuum, resulting in 19 mg (13%) of material
being recovered for KLDDQ and 35 mg (23%) for GVLDDQ .
5.2.5

Baeyer-Villiger oxidation

This method was adapted from a literature procedure.323 A 20 mL glass vial was
charged with KLDDQ or GVLDDQ (150 mg), formic acid (85%, 0.32 mL), H2 O2 (30%,
0.5 mL), and H2 O (0.4 mL). The vial was sealed using a Teflon-lined cap and stirred for
70 h at 50 ◦ C. Upon completion, water was added until the reaction mixture reached a pH
of 4, whereupon the mixture was gravity filtered. The filtrate was extracted with EtOAc
(3 x 15 mL), and the combined organic-soluble fractions were dried under vacuum, 31 mg
(21%) of material being recovered for KLDDQ and 32 mg (21%) for GVLDDQ .
5.2.6

Oxidation using Cu(OAc)2 /1,10-phenanthroline

This method was adapted from a literature procedure,321 all reagents being scaled accordingly to the assumption that 1 g of lignin contains 3 mmol benzylic alcohol groups. A
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50 mL Parr autoclave reactor equipped with an internal Teflon seal was loaded with KLDDQ
or GVLDDQ (533 mg), Cu(OAc)2 (58 mg), 1,10-phenanthroline (58 mg), and MeOH (16
mL). The reactor was charged with 8% O2 balanced with N2 (50 bar total pressure) and
heated to 100◦ C with a mixing speed of 600 rpm. After 2 h, the reaction mixture was filtered and washed with additional MeOH (80 mL). The combined filtrate was concentrated
in vacuo yielding 103 mg (9%) of material for KLDDQ and 128 mg (14%) for GVLDDQ .
5.2.7

Dakin oxidation

This method used was adapted from a literature procedure.228 Either KLDDQ or GVLDDQ
(67 mg), 2 M NaOH (0.5 mL), and MeOH/THF (v/v = 1:1, 1.2 mL) were loaded into a 5
mL round-bottom flask equipped with a stir-bar. Subsequently, H2 O2 (30%, 0.1 mL) was
slowly added and the mixture was left stirring for 10 h at 50 ◦ C. The reaction mixture
was acidified with HCl (0.5 M) to pH ∼3. The resulting mixture was extracted using
EtOAc (4 x 20 mL), and the organic layers were combined, dried over MgSO4 , filtered and
concentrated in vacuo. Yield: 10 mg (15%) for KLDDQ and 12 mg (18%) for GVLDDQ .
5.2.8

Depolymerization over Li-Al LDH and Au/Li-Al LDH

This method was adapted from a literature procedure.18 Oxidation of KLDDQ and
GVLDDQ was conducted in a 100 mL 3-neck round-bottom flask using a Radleys StarFish
reactor, employing lignin sample (250 mg), Li-Al LDH or Au/Li-Al LDH (100 mg), and
dimethylformamide (10 mL) under flowing O2 (10 mL·min-1) at 120 ◦ C and 500 rpm
stirring for 24 h. The resulting mixture was filtered and washed with additional dimethylformamide (15 mL) and concentrated in vacuo. The product was further dried in a vacuum
oven at 50 ◦ C for 24 h, affording a dark-brown solid. The solid obtained from each lignin
(50 mg) was hydrolyzed using 1 M NaOH (5 mL) and stirred for 1 h. Upon reaction completion the mixture was acidified to pH 2 via addition of 1 M HCl and extracted using brine
and EtOAc (3 x 15 mL). The combined organic layers were dried over MgSO4 , filtered, and
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concentrated in vacuo. Yield for Li-Al LDH: 27 mg (11%) for KLDDQ and 77 mg (31%)
for GVLDDQ . Yield for Au/Li-Al LDH: 63 mg (25%) for KLDDQ and 124 mg (50%) for
GVLDDQ .
Control experiments were performed by hydrolyzing KLDDQ (50 mg) and GVLDDQ (50
mg) using 1 M NaOH (5 mL) under stirring for 1 h. Upon reaction completion the mixture
was acidified to pH 2 via addition of 1 M HCl and extracted using brine and EtOAc (3 x
15 mL). The combined organic layers were dried over MgSO4 , filtered, and concentrated
in vacuo. Yield: 0.5 mg (1%) for KLDDQ and 2.5 mg (5%) for GVLDDQ .
5.3

Results and Discussion

5.3.1

2D HSQC NMR of DDQ/t BuONO Oxidized Lignins

In order to standardize the preliminary benzylic oxidation, we elected to use 2,3dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in combination with t BuONO/O2 as an effective and scalable catalyst for selective β-ether unit oxidation. The use of DDQ for
benzylic oxidation in lignin and lignin model compounds has been reported by Lancefield
et. al.,322 this method being suitable for application on the gram scale without specialized
equipment. Gel permeation chromatography (GPC) analysis of KL and GVL pre- and postDDQ oxidation (see Figures 5.8 and 5.9 in Section 5.5) revealed that DDQ/t BuONO/O2
oxidation did not affect the molecular weight distribution of either lignin. Figure 5.3
shows the 2D HSQC NMR spectra of KL and GVL before and after oxidation with the
DDQ/t BuONO/O2 system.
Analysis of the aromatic region of GVLDDQ revealed that all of the benzylic alcohol
groups in the guaiacyl (G) units and most of the benzylic alcohol groups in the syringyl
(S) units underwent oxidation, giving the corresponding benzylic ketones (G0 and S0 ). In
contrast, the aromatic region of KL showed a significant amount of residual unoxidized
benzylic alcohol groups. Examination of the aliphatic region supports this observation,
only oxidized β-aryl ether units (A0 ) being observed for GVL, whereas only a minor frac120

tion of the β-O-4 linkages was oxidized for KL. The ineffectiveness of the oxidation system
on KL can be explained by the recalcitrant nature of the lignin after the kraft process, which
also renders KL poorly soluble in the solvent system.7, 30, 69, 324
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Figure 5.3: 2D HSQC NMR spectra of KL, KLDDQ , GVL, and GVLDDQ . All samples were dissolved in 4:1 DMSO-d6 /pyridine-d5 ; contours are
color-coded to the structures responsible; percentages are determined from volume integrals based on αC–H with the exception of A0 which uses the
βC–H signal. The assignment of peaks is based on known lignin spectra and available model compound data. Note: volume integrals are considered
qualitative due to differences in T2 relaxations and JC–H coupling constants.

5.3.2

Quantification and comparison of lignin monomer production

The oxidized lignins were subjected to seven secondary depolymerization methods and
the results were compared to our previously published Au/Li-Al LDH and O2 system,
which did not require prior Cα -OH oxidation.18 A control experiment was also performed
in which the hydrolysis method used in conjunction with Au/Li-Al LDH and Li-Al LDH
was also performed on KLDDQ and GVLDDQ in order to establish the effect of the heterogenous catalysts. Results are summarized in Figure 5.4; additionally, GPC analysis (see
Figures 5.10-5.23 in Section 5.5) of the organic mixtures from each secondary depolymerization method showed molecular weight distributions that represent similar results to
those presented in Figure 5.4. In general, much higher yields of organic-soluble products

Figure 5.4: Organic-soluble yield obtained from secondary depolymerization of KLDDQ and
GVLDDQ . Au/Li-Al LDH∗ represents results obtained from ref. 17, without prior Cα-OH oxidation.

were obtained for GVLDDQ compared to KLDDQ . This is not surprising given the limited
degree of oxidation observed for KLDDQ by HSQC NMR spectroscopy and the likely substantial degradation of the lignin during the kraft pulping process; GVL is less condensed
than KL, so more of the β–O–4 ether linkages are preserved, allowing for easier depolymerization.105
The resulting ethyl-acetate-soluble product mixtures were analyzed by GC-MS in order
to identify and quantify – using authentic standards and calibration curves – the monomeric
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products (Figures 5.5 and 5.6). The results showed that the aromatic acids and aldehydes

Figure 5.5: Organic-soluble yield from KLDDQ after secondary oxidative depolymerization

derived from syringyl (S) and guaiacyl (G) units were the major oxidative depolymerization products. For the case of KLDDQ (Figure 5.5), FA hydrolysis as reported by Stahl and
coworkers318 was revealed to be the most effective depolymerization method, yielding 4.7
wt% vanillic acid and 3.1 wt% vanillin. An estimated 0.8 wt% yield of the G-derived diketone was also observed in the product mixture (based on the total ion chromatogram, i.e.,
the area of product divided by the summed area of all products). The second most efficient method in this case was the Au/Li-Al LDH catalyst coupled with hydrolysis, yielding
a total of 8 wt% monomers with 5.2 wt% vanillic acid and 2.2 wt% vanillin as the major
products, representing a higher vanillic acid to vanillin ratio compared to the FA hydrolysis
method (2.4 versus 1.5). Three other methods, namely, the Li-Al LDH support, BVO, and
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Cu/phen also produced monomers from KLDDQ ; however, the yields were lower compared
to the previous two methods. The Li-Al LDH support alone achieved a 5 wt% monomer
yield, vanillic acid being the major product (3.2 wt%). The BVO method produced a similar
monomer yield compared to the Li-Al LDH support; however, the method was more selective to vanillin, providing a 2.8% yield. In the literature, the Cu/phen method321 was tested
solely on lignin model dimers containing Cα -OH groups. When the method was applied to
KLDDQ , small amounts of acetovanillone (1.9 wt%) and vanillin (0.9 wt%) were obtained,
as well as trace amounts of methyl vanillate (resulting from esterification of vanillic acid
by the methanol solvent). Methyl vanillate formation was also observed when this method
was applied to a β-ether model dimer.321
In the case of GVLDDQ (Figure 5.6), the application of Au/Li-Al LDH-catalyzed oxidation coupled with hydrolysis gave the highest yield of monomers (34 wt%), the majority
of the product consisting of acids derived from lignin’s S and G units (22 wt% total). Very
low organic soluble yields were obtained when hydrolysis was the only step performed on
KLDDQ and GVLDDQ (1 wt% and 5 wt%, respectively), which demonstrates the necessity of
the Au/Li-Al LDH catalyst for monomer production. This monomer yield is significantly
higher than those obtained from the remaining six methods. Although FA hydrolysis gave
the highest monomer yield for KLDDQ , only 11 wt% of monomers were produced when applied to GVLDDQ , making it the second most efficient method. The products observed from
GVLDDQ depolymerization using the FA hydrolysis method were similar to those reported
by Stahl and coworkers;319 they applied FA hydrolysis to GVL which had been first oxidized using 4-acetamido-TEMPO (AcNH-TEMPO), obtaining only 5.2 wt% monomers.
This discrepancy in the monomer yields can be attributed to the fact that AcNH-TEMPO
did not fully oxidize the GVL lignin319 whereas complete oxidation was achieved using
DDQ/t BuONO. Similar trends to those noted for KLDDQ were observed for the remaining
methods. The Li-Al LDH support alone gave a total monomer yield of 9 wt%, syringaldehyde being the most abundant product (3.1 wt% yield). However, the Li-Al LDH support
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Figure 5.6: Organic-soluble yield from GVLDDQ after secondary oxidative depolymerization

was not as effective as the Au/Li-Al LDH/O2 catalyst system, proving that the presence of
Au nanoparticles is crucial for the depolymerization process; indeed, the nanoparticles are
essential for the activation of molecular oxygen.257, 299, 325 BVO gave a slightly higher yield
of monomers when applied to GVLDDQ compared to KLDDQ , an increased yield of vanillic
acid being obtained (1.6 wt% vs. 1.3 wt%) in addition to syringaldehyde (2.3 wt%). The
Cu/phen method also achieved higher yields with GVLDDQ compared to KLDDQ , the main
products being the phenolic acids derived from S and G units (total of 3.1 wt%).
Neither Dakin oxidation nor the zinc-mediated depolymerization method produced
any monomers when applied to either KLDDQ or GVLDDQ , although Dakin oxidation did
achieve a higher yield of soluble material (lignin oligomers). In contrast, Lancefield et.
al.322 observed a total monomer yield of 6 wt% using zinc-mediated depolymerization
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method on birch wood lignin extracted by mild-acidolysis (HCl/1,4-dioxane). The fact that
monomers were produced for their case may be due to increased solubility of the mildacidolysis-extracted birch wood lignin in 2-methoxyethanol, which was the solvent used.
When we applied the zinc-mediated method to KLDDQ GVLDDQ , very little of the lignin
was soluble in the reaction medium, likely limiting the reactivity. Stahl and coworkers228
used Dakin oxidation on a lignin model β-ether dimer, and they observed 100% conversion of the dimer to the corresponding phenolic acid and alcohol; however, their reaction
utilizes MeOH/THF as solvent. When we applied these reaction conditions to KLDDQ or
GVLDDQ , very little solubility was achieved. Compared to the zinc-mediated method, more
organic-soluble content was obtained, which can be attributed to the use of 2 M NaOH in
the reaction. Importantly, 2 M NaOH has the ability to depolymerize lignin by cleaving
β–O–4 ether linkages.326, 327 Although no monomers were detected using this method,
NaOH could have depolymerized KLDDQ and GVLDDQ into smaller lignin fragments that
are organic soluble.
Comparing these results to our published study in which KL and GVL were subjected
to oxidation by Au/Li-Al LDH/O2 without prior Cα -OH oxidation, followed by hydrolysis (Figure 5.7),18 it is apparent that FA hydrolysis produced an equivalent wt% monomer
yield in the case of KLDDQ . However, FA hydrolysis gave slightly higher yields of vanillin

Figure 5.7: Organic-soluble yield from KL (A) and GVL (B) after oxidative depolymerization
using Au/Li-Al catalyst and hydrolysis. Adapted from ref. 17.
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and vanillic acid compared to Au/Li-Al LDH/O2 and hydrolysis (total of 7.8 wt% vs. 6.8
wt%, Figure 5.7A). On the other hand, for GVLDDQ (Figure 5.7B) FA hydrolysis gave
much a lower total monomer yield compared to Au/Li-Al LDH/O2 coupled with hydrolysis. Comparing the same Au/Li-Al LDH oxidative depolymerization method pre- and
post-Cα -OH oxidation with DDQ, the total monomer yield for KL decreased to 8 wt%
from 9 wt%, whereas for GVL it decreased from 40 wt% to 34 wt%. This is likely, in
part, a consequence of the decrease in lignin solubility after Cα -OH oxidation. Indeed,
the lignins were observed to be less soluble in DMF post-DDQ oxidation, this being attributed to the decrease in Cα -OH groups which lowers the hydrogen bonding ability of the
lignin macromolecule. Another difference is that ferulic acid and coniferyl alcohol are obtained from the KL and GVL depolymerization method using Au/Li-Al LDH/O2 , whereas
these monomers are not observed when the same catalyst is applied to KLDDQ or GVLDDQ .
Although this result requires further investigation, KL and GVL most likely underwent different structural changes when oxidized by DDQ compared to the application of Au/Li-Al
LDH/O2 , which results in hindered release of the ferulic acid and coniferyl alcohol. On
the other hand, whereas the total monomer yield decreased for KLDDQ and GVLDDQ , the
selectivity to aromatic acids and aldehydes increased. Prior to Cα -OH oxidation, out of the
40.2 wt% total monomer yield for GVL, 26.8 wt% consisted of benzyl acids and aldehydes
derived from S and G units, whereas for lignin first and oxidized using DDQ/t BuONO, the
yield of benzyl acids and aldehydes reached a total of 30.2 wt%, an increase of 3.4 wt%.
A similar trend was observed for KL, although the difference was less significant. This
observation is important given that product selectivity is a crucial issue for the integration
of lignin into the bioeconomy.328, 329

5.4

Conclusion
We employed two different DDQ-oxidized lignins in order to facilitate the compari-

son of seven different secondary depolymerization methods: zinc mediated depolymeriza128

tion, formic acid hydrolysis, selective C–C bond cleavage using H2 O2 /NaOH (Dakin Oxidation), Baeyer-Villiger oxidative depolymerization, selective C–C bond cleavage using
Cu(OAc)2 /1,10-phenanthroline, base catalysis using Li-Al LDH followed by hydrolysis,
and oxidation using Au/Li-Al LDH followed by hydrolysis. Each method was applied to
the same Indulin AT kraft lignin (KL) and a lignin extracted by γ-valerolactone (GVL),
each of which had been first oxidized using DDQ/t BuONO. Formic acid hydrolysis afforded the highest yield of monomers for kraft lignin whereas Au/Li-Al LDH + hydrolysis gave the highest monomer yield for GVL. However, without prior Cα -OH oxidation,
Au/Li-Al LDH + hydrolysis gave the same monomer yield for KL as formic acid hydrolysis, and a higher yield of monomers from GVL. From a practical standpoint, not only does
Au/Li-Al LDH possess the advantage being a heterogenous catalyst, which allows for ease
of catalyst recovery, but compared to the two-step oxidation depolymerization experiments
presented in this study, it is more effective at lignin depolymerization without a prior benzylic alcohol oxidation step. Based on these results, the use of Au/Li-Al LDH coupled
with hydrolysis represents the most promising oxidative system reported to date for lignin
depolymerization to valuable low-molecular-weight aromatics.
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5.5
5.5.1

Supporting Figures
Gel permeation chromatograms of lignins pre- and post-DDQ oxidation

Figure 5.8: Molecular weight (Mw) distribution of KL pre-and post-DDQ oxidation

Figure 5.9: Mw distribution of GVL pre- and post-DDQ oxidation
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5.5.2

Gel permeation chromatograms of EtOAc-soluble content after secondary
lignin depolymerization

Figure 5.10: Mw distribution of KLDDQ post zinc depolymerization

Figure 5.11: Mw distribution of GVLDDQ post zinc depolymerization
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Figure 5.12: Mw distribution of KLDDQ post FA hydrolysis depolymerization

Figure 5.13: Mw distribution of GVLDDQ post FA hydrolysis depolymerization
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Figure 5.14: Mw distribution of KLDDQ post BVO depolymerization

Figure 5.15: Mw distribution of GVLDDQ post BVO depolymerization
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Figure 5.16: Mw distribution of KLDDQ post Cu/phen depolymerization

Figure 5.17: Mw distribution of GVLDDQ post Cu/phen depolymerization

134

Figure 5.18: Mw distribution of KLDDQ post Dakin depolymerization

Figure 5.19: Mw distribution of GVLDDQ post Dakin depolymerization
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Figure 5.20: Mw distribution of KLDDQ post Li-Al LDH depolymerization

Figure 5.21: Mw distribution of GVLDDQ post Li-Al LDH depolymerization
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Figure 5.22: Mw distribution of KLDDQ post Au/Li-Al LDH depolymerization

Figure 5.23: Mw distribution of GVLDDQ post Au/Li-Al LDH depolymerization

Copyright c Yang (Vanessa) Song, 2019.
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Chapter 6 Conclusion and Outlook

6.1

Conclusion
In pursuit of more sustainable and economically viable biorefineires, the effective val-

orization of lignin is of upmost importance. The current work focused on the development
of a layered double hydroxide (LDH) supported Au nanoparticle heterogenous catalyst for
the oxidative depolymerization of lignin towards oxygen-rich aromatic monomers. Three
different catalysts were developed: Au/Mg-Al, Au/Ni-Al LDH, and Au/Li-Al LDH. Each
catalyst was assessed for its efficacy in oxidation of 1-phenylethanol using molecular oxygen as terminal oxidant, Au/Li-Al LDH being observed to be the most active catalyst.
Catalyst characterization revealed the majority of the Au particles supported on the Li-AL
LDH are optimally sized for alcohol oxidation, and the high activity of the catalyst is facilitated by charge transfer from the basic support to the Au nanoparticles. Application of
Au/Li-Al LDH towards oxidation of β-O-4 lignin linkage model dimers showed that the
catalytic activity goes beyond benzylic alcohol oxdiation. Our catalytic system was able to
oxidatively cleave the β-O-4 linkage after selective benzylic alcohol oxidation, ultimately
forming an ester moiety that can be depolymerized via simple hydrolysis.
Application of Au/Li-Al LDH to oxidation of kraft lignin (KL) and γ-valerolactone extracted lignin (GVL) coupled with hydrolysis gave a 40 wt.% yield of aromatic monomers
from GVL, and 10 wt.% from KL. The monomer profile from the oxidation of these two
lignins includes vanillin, vanillic acid, syringaldehyde, syringic acid, ferulic acid, etc.,
these being aromatic compounds sought after by the chemical industry. These monomer
yields obtained from isolated lignins are the highest reported for heterogeneously catalyzed
oxidative lignin depolymerization. Over the past decade, there have been many reports of
the successful oxidative depolymerization of lignin, however, due to the large variety of
isolated lignins used as substrates, it is difficult to accurately assess the merits of the meth138

ods. DDQ-oxidized KL and GVL lignin were used for the comparison of seven different
secondary depolymerization methods, and of these approaches the formic acid hydrolysis
method afforded the highest yield of monomers for KL, and Au/Li-Al LDH + hydrolysis
gave the highest monomer yield for GVL; however, for KL and GVL without prior Cα -OH
oxidation, Au/Li-Al LDH is just as effective as formic acid hydrolysis at monomer production from KL and remains the most effective for oxidative depolymerization of GVL. In
addition, the heterogeneous nature of Au/Li-Al LDH is an advantage as it is more suited for
large-scale application. Based on the results presented in this thesis, the use of Au/Li-Al
LDH coupled with hydrolysis represents the most promising oxidative system reported for
lignin depolymerization to valuable low-molecular weight aromatics.

6.2

Future work

6.2.1
6.2.1.1

Modification of supported metal
Au particle size modification

While ∼75% of Au nanoparticles supported on the catalyst used for the work presented
in this thesis are < 4 nm in diameter, the size of the remaining ∼25% Au nanoparticles is
too large to be catalytically effective. The homogeneous deposition-precipitation method
used for the synthesis of Au/Li-Al LDH used in this thesis is only one of the many options
for Au nanoparticle deposition; while most of the Au nanoparticles obtained using this
method are within desired size range, methods such as electrophoretic deposition330 and
the citrate method331–333 could also be considered. Selectively tuning the Au nanoparticle
size on the Li-Al LDH support to be in the active size range may greatly enhance the
oxidation activity of the catalyst, which may translate to an increase in the monomer yield
produced from lignin.
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6.2.1.2

AuM bimetallic system modification

Another avenue to be explored is supported AuM bimetallic nanoparticles for benzylic
alcohol oxidation. Groups led by Hutchings,334, 335 Mulins,336 Cargnello,337 and Goodman338, 339 have explored supported AuPd bimetallic catalysts for oxidation of CO, benzyl
alcohols, glycerol, etc. AuPd nanoparticles can be prepared to give either a bimetallic system, or a core-shell system, and in either case it is suggested that the ensemble effect of
the AuPd bimetallic system increases the rate of alcohol oxdiation by facilitating faster
β-hydride elemination, which is the rate determining step of the cycle. In addition, AuPd
bimetallic catalysts also exhibit weaker binding of organic molecules, and longer life-time
with respect to catalyst activity,340–342 which may reduce adsorption of reactive β-O-4 oxidative depolymerization intermediates on the catalyst surface. Angus Maske, a research
student from Paul Laurence Dunbar High School (Lexington, KY) synthesized AuPd/LiAl LDHs with varying ratios of Au and Pd using sol-immobilization with my assistance
(see Appendix 1). Other metals such as Ag343 and Cu344 in combination with Au have also
been suggested as bimetallic catalysts for alcohol oxidation, and may be of interest in this
application.
6.2.2

Cellulose and hemicellulose, a potential frontier for Au/Li-Al LDH

Aside from benzylic alcohol oxidation and oxidative lignin depolymerization, oxidation
of 5-hydroxymethylf urfural (HMF) using Au/Li-Al LDH is another area worth exploring.
5-HMF can be obtained from cellulose or hemicellulose via dehydration of certain sugars,
and it is a popular platform molecule with huge potential as a bio-based commodity chemical. Ardemani et al.345 studied the oxidation of 5-HMF to 2,5-f uran dicarboxylic acid
(FDCA) using Au/Mg-Al LDH (Figure 6.1). High FDCA yields were achievable either
by using low wt.% Au loading in conjunction with a strong soluble base (NaOH), or high
wt.% Au loading on a moderate strength solid base. Au/Li-Al LDH in this case may offer
a third solution: low wt.% Au loading in conjunction with a strong solid base. Preliminary
140

Figure 6.1: Schematic representation of HMF oxidation to FDCA

experiments were performed, for details, see Appendix 2.
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Appendix A. Oxidation of 1-phenylethanol with AuPd/Li-Al LDH
Note: Catalyst synthesis and oxidation experiments were performed by Angus Maske
(Paul Laurence Dunbar High School) under my supervision.
Synthesis of Au0.5 Pd0.5 /Li-Al LDH
The synthesis of Li-Al LDH-supported Au nanoparticle catalysts was adapted from
a literature method.334 A solution consisting of HAuCl4 (10 mL, 7.6x10−3 M) and PdCl2
(10 mL, 1.4x10−2 M) was stirred for two minutes. PVA solution (3.6 mL, 1 wt.%) and
a freshly prepared solution of NaBH4 (11 mL, 0.1 M) were subsequently added, and the
mixture was then stirred for thirty minutes, after which Li-Al LDH (3 g) was added and
the mixture was stirred for an additional hour. The resulting slurry was then centrifuged
at 5000 rpm for 10 minutes. The solid was dried at 60◦ C in a vacuum oven for 24 h to
produce Au0.5 Pd0.5 /Li-Al LDH as a gray solid.
Synthesis of Au0.73 Pd0.27 /Li-Al LDH
The synthesis of Li-Al LDH-supported Au nanoparticle catalysts was adapted from
a literature method.334 A solution consisting of HAuCl4 (10 mL, 1.1x10−2 M) and PdCl2
(10 mL, 7.6x10−3 M) was stirred for two minutes. PVA solution (3.6 mL, 1 wt.%) and
a freshly prepared solution of NaBH4 (11 mL, 0.1 M) were subsequently added, and the
mixture was then stirred for thirty minutes, after which Li-Al LDH (3 g) was added and
the mixture was stirred for an additional hour. The resulting slurry was then centrifuged at
5000 rpm for 10 minutes, filtered, and dried at 60◦ C in a vacuum oven for 24 h to produce
Au0.73 Pd0.27 /Li-Al LDH as a gray solid. ∗ The synthesis of Au/Li-Al LDH used in these
experiments followed the procedure described above, omitting the use of PdCl2 .
Deprotection of PVA from Li-Al LDH supported AuPd nanoparticles
A samples of previously synthesized AuPd/Li-Al LDH (1 g) was stirred in 100 mL
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distilled water at 90 ◦ C for one hour. The resulting slurry was then centrifuged at 3000 rpm
for 10 minutes, filtered, and dried at 60◦ C in a vacuum oven for 24 hours.
Oxidation of 1-phenylethanol
Oxidation of 1-phenylethanol was conducted in a 25 mL 3-neck round-bottom flask,
employing alcohol (1 mmol), AuPd/Li-Al LDH (50 mg), and dodecane (1 mmol) in 10 mL
of diphenyl ether under flowing O2 (10 mL· min−1 ) at appropriate temperatures and 500
rpm stirring (sufficient to eliminate mass transport effects).
Results and discussion
GC/MS analysis of 1-phenylethanol oxidations using the six AuPd NP/Li-Al LDH
catalysts are presented in Table AI1. At a glance, the removal of PVA decreased catalyst
activity for both Au0.73 Pd0.23 /Li-Al LDH and Au/Li-Al LDH, however activity increased
for Au0.5 Pd0.5/Li-Al LDH. This inconsistency may require repetition of the reaction and
re-make of the catalyst to determine if the result is an outlier or not. The best catalyst
based on the results obtained is PVA-removed Au0.73 Pd0.27 /Li-Al LDH, which achieved
the highest yield of acetophenone (100%) after four hours. However, while this catalyst
is the most active in this study, the oxidation rate is slower compared to Au/Li-Al LDH
used in experiments described in Chapter 3 of this thesis. Hence, further experiments and
catalyst characterization are required to asses the premise of AuPd/Li-Al LDH catalysts for
benzylic alcohol oxidation.
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Table A1. Results of AuPd/Li-Al LDH catalyzed 1-phenylethanol oxidation
Acetophenone Yield (%)

Catalyst

2h

4h

Au0.73Pd0.23/Li-Al LDH

70

100

PVA-deprotected Au0.73Pd0.23/Li-Al LDH

59

86

Au0.5Pd0.5/Li-Al LDH

61

72

PVA-deprotected Au0.5Pd0.5/Li-Al LDH

70

83

Au/Li-Al LDH

46

45

PVA-deprotected Au/Li-Al LDH

36

51
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Appendix B. 5-Hydroxymethylfurfural (HMF) oxidation over Au/Li-Al LDH
Oxidation of 5-HMF (Figure 1) using Au/Li-Al LDH was performed at the European
Bioenergy Research Institute under the direction of A. Lee and K. Wilson.

Figure B1. Schematic representation of HMF oxidation to FDCA

Procedure for 5-HMF oxidation using Au/Li-Al LDH
This procedure was adapted from a literature method.345 A 3-neck round-bottom
flask using a Radleys Starfish reactor. The round-bottom flask was charged with HMF (126
mg, 1 mmol), deionised water (10 mL), and 25 mg of Au/Li-Al LDH catalyst. Reaction was
performed under flowing O2 (10 ml·min−1 ) at 90 ◦ C and 500 rpm stirring to eliminate mass
transport effects. Additional 1 M NaOH solution (pH 14) was added to select experiments
for comparison with results described herein.
Procedure for 5-HMF oxidation using Au/Li-Al LDH
Aliquots were sampled periodically sampled and analyzed using an Agilent Technologies 1200 Infinity HPLC equipped with UV-vis and R.I. detectors. A Zorbax Hilic
plus HPLC column (4.6 mm x 100 mm x 3.5µm) was employed, protected by a Rx-SIL
guard column (4.6 mm x 12.5 mm), in conunction with a gradient method, developed in
co-operation with Agilent Technologies, to achieve resolution of HMF (λ = 282 nm), HMFCA (λ = 260 nm), FFCA (λ= 282 nm) and FDCA (λ = 260 nm). The mobile phase was
prepared with acetonitrile as eluent A; and eluent B was an HPLC grade aqueous solution buffered by 50 mM CH3 COONH4 ; the pH was adjusted to 5.2 by adding the requiste
amount of glacial CH3 COOH.
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Results and discussion
A 50% yield of HMFCA was observed for HMF oxidation without the addition of
NaOH after the first hour (Figure 2), and no further increase in yield was observed after 4
h or 6 h reaction times. A maximum yield of 22% was obtained for the desired product,
FDCA, and 8% for FFCA. Ardemani et al.345 reported a ∼10% yield of FDCA under

Figure B2. Results for Au/Li-Al LDH catalyzed 5-HMF oxidation
the same reaction conditions using 1 wt.% Au/Mg-Al LDH, which is lower compared to
that afforded by Au/Li-Al LDH. According to the authors, addition of NaOH significantly
increased the rate of FDCA formation over 2 wt.% Au/Mg-Al LDH, with highest yields
obtained for reaction conduced at pH=14. HMF oxidation conducted at the same pH level
when Au/Li-Al LDH was used as catalyst (Figure 3) appeared to surpress the formation of
products, as the yield for HMFCA only reached 15% compared to 52% in the absence of
NaOH and only a 2% yield was obtained for FDCA, almost ten times lower than the previously described results. However, under pH=14 reaction conditions, almost complete conversion of HMF was observed compared to 60% without the addition of NaOH, suggesting
product other than those in the reaction scheme were produced. Overall, these preliminary
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Figure B3. Results for Au/Li-Al LDH catalyzed 5-HMF oxidation with the addition of NaOH
reaction results suggest Au/Li-Al LDH can be an effective catalyst for oxidation of HMF
with 1 wt.% Au loading in a neutral reaction medium.
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Appendix C. Lignin extraction
Beech (fagus sylvatica), Birch (betula alleghaniensis), and Poplar (liriodendron
tulipera) hardwood samples were purchased from Woodworkers Source (Phoenix, AZ);
maple and oak wood shavings were obtained by courtesy of Dr. Mark Meier and Dr. John
Anthony (University of Kentucky). Hardwood samples were cut into strips using a band
saw, which were further cut into ∼1 cm cubes. The hardwood cubes were milled to a fine
powder using various Wiley mills at the Biosystems Engineering department at the University of Kentucky, and the maple and oak wood shavings were ground using a Magic Bullet.
All biomass sawdust samples prior to use were passed through a 300 µm opening sieve,
and dried in a convection oven at 60 ◦ C for 24 h.
Soxhlet extration
This method was adapted from Van den Bosch et al. (Green Chem., 2017, 19, pp 33133326.)
Soxhlet extractions were performed on all biomass samples to remove extractives.
Oven-dried biomass was added into Whatman R cellulose extraction thimbles (33 mm
x 94 mm) and extracted in a Soxhlet extraction apparatus (KIMAX USA) with a 1:1
toluene:ethanol mixture. Prior to a 24 h Soxhlet extraction, a wet step was introduced
in which the samples were completely submersed in the toluene:ethanol solution to improve the speed of extraction and thus to reduce the total extraction time needed. After
cooling, the samples were dried in an oven at 60 ◦ overnight.
Klason lignin determination
This method was adapted from Van den Bosch et al. (Green Chem., 2017, 19, pp 33133326.)
Duplicate samples of Soxhlet-extracted biomass (1 g) were transferred to 50 mL
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beakers after which 15 mL of a 72 wt% H2 SO4 solution was added. The mixture was
stireed at room temperature for 2 h. Afterwards the content of each beaker was transferred
to a round-bottom-flask containing 300 to 400 mL of DI water. The beakers were rinsed
and additional water was added until a H2 SO4 concentration of 3 wt% was reached. The
diluted solution was boiled for 4 h under reflux conditions. After filtration of the hot solution, a brown lignin precipitate was retained. The precipitate was washed with hot water to
remove any leftover H2 SO4 and the obtained residue was dried in an oven at 60 ◦ overnight.
The reported Klason lignin content was determined relative to the oven dried substrate by
averaging the measured weight of the residues.
Table C1. Klason lignin content of milled biomass sawdust

Biomass
Klason lignin (wt.%)
Birch
20.4
Poplar
18.8
Beech
18.0
Maple
23.0
Oak
24.0
Switchgrass
25.8

1,4-Dioxane/HCl lignin extraction
This method was adapted from Das et al. (ACS Sustainable Chem. Eng., 2018, 6 (3),
pp 3367–3374.)
Previously Soxhlet-extracted biomass sample (10 g) was added to a three-neck round
bottom flask followed by the addition of 120 mL of 1,4-dioxane/water mixture (v/v=9:1)
containing 0.2 mol·L−1 HCl. The mixture was refluxed under gentle N2 bubbling and
magnetic stirring for 45 min. The cooled mixture was vacuum-filtered through a Buchner funnel. The residue was washed three times with 50 mL of 1,4-dioxane/water mixture (v/v=9:1). The pH of the resulting solution was adjusted to 3-4 by saturated aqueous NaHCO3 solution. Next, the solution was concentrated to about 50 mL by rotaryevaporation (45 ◦ C), stopping before any insoluble lignin appeared. Lignin was precipi149

tated by pouring the concentrated solution into a large volume of ice-cold water (500 mL).
The solution was left at 4 ◦ C for 48 hours, and the precipitated lignin was isolated by
centrifugation, washed with 100 mL deionized water, and centrifuged again.
γ-Valerolactone extraction of lignin
This method was adapted from Luterbacher et al. (Energy Environ. Sci., 2015,8, pp
2657-2663.)
Previously Soxhlet-extrated biomass (5 g) was added into a 50 mL Parr reactor along
with 200 g of 80 wt% γ-valerolactone and 20 wt% H2 O and 54.5 mg H2 SO4 . The reactor
was purged with nitrogen and heated for 1 h at 120 ◦ C. The slurry was filtered and washed
with hot GVL. The resulting filtrate was diluted with 500 mL of ice-cold water to precipitate lignin. The mixture was left at 4 ◦ C for 24 h. The resulting solution was centrifuged,
the supernatant discarded, and the precipitate washed with 2x15 mL DI water.
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Appendix D. 2D HSQC NMR of extracted lignins
Page 181 - 1,4-Dioxane/HCl extracted oak lignin
Page 182 - 1,4-Dioxane/HCl extracted poplar lignin
Page 183 - 1,4-Dioxane/HCl extracted maple lignin
Page 184 - GVL extracted maple lignin
Page 185 - GVL exracted birch lignin
Page 186 - GVL extracted poplar lignin
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Appendix E. 1 H and 13 CNMR spectra of synthesized lignin model compounds
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[137] X. Huang, J. Zhu, T. I. Korányi, M. D. Boot, and E. J. M. Hensen. Effective Release of Lignin Fragments from Lignocellulose by Lewis Acid Metal Triflates in the
Lignin-First Approach. ChemSusChem, 9:3262–3267, 2016.
[138] X. Huang, O. M. Morales Gonzalez, J. Zhu, T. I. Korányi, M. D. Boot, and E. J.
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